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 TiO2 is an extensively studied material due to its nontoxic, environmental 
friendly, corrosion-resistant nature and wide band gap (~3 eV). TiO2 nanotubes (T-NTs) 
synthesized via electrochemical anodization have been studied extensively, with 
particular focus on their electrical and optical properties. The advantage of T-NT is the 
large surface area to volume ratio. T-NT has been used to demonstrate many applications 
such as sensors and energy harvesting. These applications have traditionally been 
demonstrated via T-NT synthesized on Ti foil. However, there is currently no 
commercially available T-NT- based device, which may be due to a lack of fabrication 
techniques, to make such devices on a large scale. One of the requirements for fabricating 
compact T-NT- based devices is the need for a stable and planar substrate. The titanium 
foils commonly used for T-NT synthesis are mechanically ﬂexible, making them more 
prone to bending, limiting the integration of T-NT with microfabrication techniques.  
Here, we present the synthesis of T-NT on Si wafer at room temperature from 
direct current (D.C.) sputtered as well as e-beam evaporated thin Ti film. Hundred nm 
SiO2 was used to electrically isolate the T-NT from the substrate. We demonstrate 
integration of the synthesis of T-NT with photolithography, which is one of the most 
important requirements for scaling up a T-NT-based device. The T-NT was stable up to 
500
o





than the thickness of the Ti ﬁlm, showing selective electric ﬁeld-assisted etching of Ti by 
the electrolyte. We also report site-speciﬁc and patterned growth of the T-NT. The effect 
of properties of thin films such as grain size, residual stress and density on the 
morphology of T-NT was studied to improve the stability and quality of the T-NT. We 
demonstrate the synthesis of TiO2–WO3 composite nanotubes for photoe lectrochemical 
cells with up to a 40% increase in photocurrent in comparison to plain T-NT. The T-NT 
was extensively studied and characterized using SEM, AFM, UV-Vis spectroscopy, 
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A nanotube is a one-dimensional (1-D) tubular structure with a high diameter to 
length ratio. One of the biggest advantages of nanotubes is the high surface to volume 
ratio. Synthesis of nanotubes made of carbon has been reported by various research 
groups since 1953 [1]–[5], and it has been shown that carbon nanotubes have better 
electrical conductivity properties [6], [7], stronger mechanical properties [8], [9] and 
better thermal properties [10], [11] compared to bulk allotropes of carbon. Along with the 
interest in carbon nanotubes for their unique properties compared to the bulk form, 
carbon nantoubes also triggered research into synthesizing other 1-D materials in order to 
have the advantages of a high surface to volume ratio and better thermal, optical, 
electrical, and mechanical properties. Since then various nanosized materials such as 
nanorods (silver [12], [13], gold [14], [15], ZnO [16], [17]), nanowires (SiO2 [18], [19], 
Pt [20], [21], GaN [22], [23]), and nanotubes (TiO2 [24], Ta2O5 [25]) have been reported, 
opening new 1-D material based research and applications.  
TiO2 is a widely studied material due to being chemically inert, nontoxic, 
environmentally friendly, and having wide band gap. The ability to synthesize high 
aspect nanotubular [24] and nanoporous [26] TiO2 further increased the interest in the 
material, resulting in over 40 000 publications in the last 15 years. In this chapter, we 
provide a description of the need for miniaturizing semiconductor devices, a brief 
description on advantages of TiO2 as a material, the advantages of nanosized materials, 








1.1    Need for miniaturization 
Gordon E. Moore, the co-founder of Intel, predicted in the year 1965 that the number 
of components in integrated circuits will double every two years [27].  He predicted that 
the trend would continue for the next 10 years, and it is called Moore’s law. However, the 
need for faster computing power, long battery life, larger memory capacity, and compact 
devices kept the trend of shrinking gate length going for longer than 10 years. Fig. 1.1 
shows the trend in the shrinking transistor with time [28]. The advantages of shrinking 
components are that the cost of the device is reduced, power consumption of the device is 
reduced, the sensitivity of the device is increased, and the size of the device is reduced. 
Based on Moore’s law there are other laws such as “transistors per integrated circuit,” 
“hard disk storage cost per unit of information,” “pixels per dollar ,” etc. These laws, 
similar to Moore’s law, have the common motive of improving device performance and 
capabilities. Effort to reduce the size of devices such as accelerometers [29], gyroscopes 
[30], and sensors [31], [32] can be observed. The technique used to miniaturize these 
devices is microfabrication. These devices are fabricated on stable and planar substrates 
such as Si. A lot of research is also focused on reducing the feature size that can be 
fabricated using microfabrication techniques [31]–[34].  A lot of companies such as Intel 
and Micron are successful since they are keeping up Moore’s law, which has proven to be 
advantageous. Therefore, the key in production of devices on a large commercial scale is 































1.2    TiO2 an interesting material 
TiO2 is a wide band gap material (~ 3 eV [35]) making it suitable for harvesting solar 
energy. Wide band gap materials have the advantages of being able to operate at higher 
temperatures and having a longer carrier lifetime, reducing recombination loses. The 
harvested solar energy is used for various applications such as splitting water for 
hydrogen generation [36], [37] (where hydrogen could be used as an alternative to fossil 
fuel), for treating waste water (where the process has the advantage of mineralization of 
organic pollutants [38]), for electricity generation [24], [39], and for degradation of 
pesticides [40]. Due to its wide band gap, it also has an interesting property of self-
cleaning where it prevents growth of bacteria and fungi when exposed to sunlight and 
hence, buildings (which are constantly exposed to sunlight) can be protected when coated 
with a thin layer [41]. This is because the absorption range of TiO2 is in the UV range of 
the solar spectrum that prevents any damage caused by UV light. It is also used for self-
cleaning of cotton textiles [42] and as a corrosion resistant coating [43]. Another 
interesting property of TiO2 is its biocompatibility. It is shown to be used in dental 
implants [44], as blends with lifesaving drugs [45] and bone grafting [46]. Most of the 
implants or biomedical devices that use Ti metal are due the presence of a thick layer of 
TiO2 which is formed when exposed to bodily fluids [44], [46]. Other applications of 
TiO2 in daily life are in toothpaste [47], pigments [48], and sunscreen [49] due to its safe, 
nontoxic nature. Since TiO2 is already in an oxidized state, the material is relatively more 
chemically inert compared to its metallic state.  
TiO2 is a semiconducting material like silicon whose electrical property and optical 





changed by doping with nitrogen [50], sulphur [51], chromium [52], and zinc [53]. TiO2 
can be made semimetallic by doping with carbon [54]. By alloying with other materials 
such as WO3 [55] and Cu2O [56], TiO2 is also shown to modify its electrical and optical 
properties. Titanium is relative ly cheap compared to other metals such as gold and 
platinum, making TiO2 (which can be obtained by oxidizing Ti) an interesting and 
attractive material.  
 
1.3    Why nanotubes and nanostructures?  
Materials in their nanosized form have certain advantages over their bulk form. There 
are a higher number of atoms of the materials on the surface compared to when the 
material is in the bulk form (an increase in surface area to volume ratio). The surface 
energy associated with the materials is increased. This leads to an increase in the 
chemical and catalytic activity of the material [57]. Also, its mechanical and electrical 
properties change, which can be advantageous based on the requirement. Nanosized 
materials have a better self-assembling capability where the molecules rearrange 
themselves easily compared to their bulk form [58]. Nanosized materials have better 
solubility and higher absorption [57]. They provide better and more uniform surface 
coverage when used as dispersion and coating materials [58]. By synthesizing nanosized 
materials, the devices fabricated are more economical, have lower power consumption, 
higher sensitivity, and lower response time along with an increase in performance.  
TiO2 similarly in its nanosized structure has different properties compared to its bulk 
properties. The Young’s modulus of bulk anatase TiO2 (282 GPa [59]) is lower when 





147 GPa [60]). The Young’s modulus of TiO2 nanotubes is tested to be as low as 23 GPa 
[61]. The density of bulk rutile TiO2 is 4.26 g/cm
3
 [62], while the thin films have a 
density as low as 3.8 g/cm
3
 [60]. The band gap of TiO2 nanoparticles (anatase) is shown 
to be 3.4 Ev, whereas that of bulk is 3.2 eV [63].  
 
1.4    Research objectives  
As stated in the previous sections, TiO2 is an interesting material with a wide range of 
applications, and TiO2-based nanoparticles and nanotubes are shown to have advantages 
compared to bulk TiO2. A lot of work has been done to understand and study the 
advantages of TiO2 as a material. With the current trend of nanotechnology, a lot of 
research is focused on miniaturizing current TiO2-based devices [64], [65]. Interest in the 
research of TiO2 increased two-fold with the ability of synthesizing TiO2 nanotubes, 
which are shown to have better advantages compared to bulk as well as nanoparticles 
[66], [67]. However, most of the applications demonstrated by TiO2 nanotubes were 
synthesized on Ti foil.  With the current trend of transistors being reduced in size by half 
every two years, there is a need to reduce the size of TiO2-based devices. Nanotubes 
synthesized on foil inhibit the ability to utilize the advantages of microfabrication for 
miniaturizing. Ti foil is flexible and a nonplanar substrate that cannot be integrated into 
the current semiconductor fabrication techniques for miniaturizing. One of the methods is 
to synthesize TiO2 nanotubes on stable, planar substrates that can be integrated with 
current microfabrication techniques. 
Our goal is to synthesize TiO2 nanotubes on Si substrate, which is a stable and planar 





characterize, and compare TiO2 nanotubes synthesized on foil with the ones synthesized 
on Si substrate. To limit the path of the electrical current in TiO2 nanotube based devices, 
the nanotubes must be electrically isolated from the Si substrate, which is a 
semiconducting material (conductive enough to disturb the path of the electrical current).  
We synthesize TiO2 nanotubes on Si substrate with an insulating layer consisting of 
silicon dioxide to electrically isolate the nanotubes from the substrate. The nanotubes are 
synthesized from two kinds of thin Ti film, one being deposited via D.C. magnetron 
sputtering and the other via e-beam evaporation, demonstrating the flexibility of the 
process. Simply synthesizing the nanotubes on Si substrate from different kinds of thin 
films will not be sufficient proof for use of planar and stable substrate. We demonstrate 
the ability of site-specific and patterned growth of TiO2 nanotubes via the use of 
photolithography, which is one of the most commonly used microfabrication steps in the 
current semiconductor industry. We also study the property of thin film that is required 
for synthesizing stable TiO2 nanotubes. The properties of the thin film are varied by 
changing the parameters used for depositing thin films via the D.C. magnetron sputtering 
technique. Since a lot of work is done to improve the performance of TiO2 nanotube 
based devices, one of them being synthesis of composite nanotubes, we demonstrate the 
capability of synthesizing TiO2–WO3 composite nanotubes on Si substrate from 
composite thin film (by using the advantages of microfabrication). We use the 
synthesized composite nanotube to demonstrate an application. We fabricate a 
photoelectrochemical cell used for splitting water into hydrogen and oxygen in which 
hydrogen can be used as a clean alternative to fossil fuels as well as for other uses. We 





to split water.  
 
1.5    Organization and structure of dissertation 
Chapter 2 gives the background on polymorphs of TiO2, a literature review on 
reported methods for synthesis of TiO2 nanotubes (sol-gel, hydrothermal, electrochemical 
anodization, and template-based) with emphasis on electrochemical anodization and 
applications demonstrated by TiO2 nanotubes (photocatalysis, degradation of pollutants, 
water splitting, solar cells, drug delivery, sensors) with the emphasis on water splitting. It 
then talks about reported techniques used for modifying the electrical and optical 
properties of TiO2 nanotubes such as annealing, doping, and surface modifications. It also 
gives a review on reported thin film based TiO2 nanotubes. 
Chapter 3 provides a detailed analysis and characterization of the self-assembled TiO2 
nanotube arrays synthesized from thin titanium film deposited via D.C. magnetron 
sputtering on Si substrate. The nanotubes were synthesized using a fluorinated organic 
electrolyte via electrochemical anodization. The change in the morphology with 
anodization potential, band gap of the material, crystalline phase, and growth mechanism 
were studied. The selectivity of the electrolyte in etching oxidize d titanium to form 
nanotubes was studied.  The nanotubes were analyzed using scanning electron 
microscope (SEM) micrographs, atomic force microscope (AFM) micrographs, x-ray 
diffraction (XRD) and diffuse-reflectance UV-Vis spectroscopy. The chapter also ta lks 
about the parameters used for depositing the thin film on the Si substrate. 
Chapter 4 is about synthesis and characterization of TiO2 nanotubes on Si substrate 





anodization potential, band gap of the material, crystalline phase, and growth mechanism 
was studied. The nanotubes are synthesized using ethylene glycol, water, and ammonium 
fluoride based electrolyte. Using two simple photolithography steps, site-specific and 
patterned growth of TiO2 nanotubes is demonstrated. TiO2 nanotubes arrays are grown in 
the pattern of a ‘U’ symbol resembling the logo of the University of Utah to demonstrate 
the flexibility of the synthesis technique. Site-specific growth of nanotubes is 
demonstrated in regions consisting of 0.01 mm
2
 in area with self-aligned Ti electrodes.  
Chapter 5 talks about the properties of the thin film that affect the morphology of the 
TiO2 nanotubes. The thin film was deposited via the D.C. magnetron sputtering 
technique. Parameters such as process gas, sputtering power, and substrate temperature 
were varied to change the properties of a thin film. Influence of thin film properties such 
as grain size, biaxial residual stress, and relative density on the morphology of  the 
anodized film are studied. The film before and after anodization were characterized using 
SEM micrographs and laser interferometery. 
Chapter 6 shows the synthesis and characterization of TiO2–WO3 composite 
nanotubes on Si substrate from thin film. The nanotubes were synthesized using an 
electrolyte similarly as before. The W–Ti nanocomposite thin film was deposited by 
multi-target cosputtering.  The change in the morphology of the anodized film with W–Ti 
ratio is studied. The nanotubes are characterized for band gap and crystalline phase. The 
composite nanotube is used to fabricate a photoelectrochemical cell (PEC) for splitting 
water. The photocurrent of the TiO2–WO3 composite nanotube based 
photoelectrochemical cell is compared with that of plain a TiO2 nanotube based 





tungsten percentage, nanotube length, and calcination temperature to improve the 
photocurrent of the PEC. 
Chapter 7 provides an overview of the project. The accomplishments made and the 
methods used for achieving the same are presented. Future work, which includes further 
techniques to understand the synthesis of the nanotubes and to improve the performance 
of the photoelectrochemical, is discussed. Synthesis of other possible transition 
metaloxide/TiO2 composite based nanotube synthesis is discussed. The scope of the 
synthesized plain as well as composite nanotubes for other applications are discussed and 
reviewed.  
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This chapter provides a brief description on the need for alternative fuel (which is the 
motive for researching applications of TiO2 nanotubes (T-NT)), a literature review on 
materials used for water splitting, a literature review of polymorphs of TiO2, reported 
methods for synthesis of T-NT, and applications of TiO2 nanotubes/nanoparticles. The 
polymorphs reviewed of TiO2 are anatase, rutile, and brookite. The nanotube synthesis 
methods reviewed are the sol-gel technique, hydrothermal method, electrochemical 
anodization technique, and template-assisted synthesis. It provides an overview on 
various applications demonstrated by TiO2 nanotubes such as with a photocatalysis, solar 
cells, drug delivery, and sensors, with a particular emphasis on photoelectrochemical 
water splitting.  
 
2.1    Need for alternative fuel 
Fossil fuel such as crude oil, coal, and gas, which are nonrenewable sources of fuel, is 
rapidly diminishing along with an increase in the world population. According to an 
article published in Energy Policy, “When will fossil fuel reserves be diminished?” [1], 
the world’s fossil fuel reserve may diminish in 35, 37 , and 107 years for oil, gas , and 
coal, respectively. Along with the issue of diminishing fossil fuels, the use of fossil fuel 
adds to the proiblem of global warming. The Earth’s surface temperature has increased 
by 0.8 
o
C, of which 0.6 
o
C has happened in the last 30 years [2]. Due to global warming 
the polar ice caps are melting, resulting in a rise of the sea level [3]. This is alarming, and 
there is a need for alternative fuel which reduces greenhouse effects and is renewable. 
There are several alternative fuel sources: biofuel [4], biomass [5], ammonia [6], 





types, which have little or no greenhouse gas effect, a lot of research has also been 
focused on fuels that have clean combustion. Hydrogen is one of the promising alternate 
sources of clean energy. The biggest advantage of hydrogen is, upon combustion, it is 
converted to water vapour which is not a greenhouse gas and has no effect on global 
warming. Another challenge is in the production of hydrogen without having the 
greenhouse effect. 
Hydrogen is abundant in the universe making up 75% of the universe's baryonic mass 
[11]. The Earth’s atmosphere consists of 0.000055%, making it a trace material in the air 
[12]. Different methods are used for generating hydrogen since the use of hydrogen is not 
just limited to an alternative to fossil fuel. In a laboratory, hydrogen can be produced in a 
Kipp’s apparatus by a reaction between a nonoxidizing acid and reactive metals such as 
zinc [13]. In industries and large scale production, hydrogen is generated from 
hydrocarbons such as methane and coal [14]. Use of hydrocarbon will also not reduce 
greenhouse gases and hence, will not form a source of clean energy. However , water is 
made of hydrogen and oxygen and can be used for generating hydrogen as well as 
oxygen by splitting water. In addition, hydrogen has applications such as in upgrading 
fossil fuels [15], in production of ammonia [16], as a coolant in turbo generators [17], 
etc., making it an import source of energy.  
 
2.2    Methods used in water splitting 
Production of hydrogen using clean zero emission methods to result in hydrogen 
economy is still in a prototype phase [18], [19]. A lot of research is being done in 





the approaches [21]. Water splitting is a chemical reaction in which water is converted 
into hydrogen and oxygen.  Electrolysis is one of the methods in which water is split into 
hydrogen and oxygen by passing an electric current though the water [22]. In this 
method, when sufficient potential is applied between the anode and cathode, hydrogen 
will be produced in the cathode and oxygen in the anode. Pure water requires a large 
potential for water splitting (~-1.3 V is the minimum theoretical value [23]) , which 
makes it a less feasible method even when a conductive electrolyte such as KOH solution 
is used. To overcome the need for a high electric potential, electrolysis can be carried out 
in a high temperature environment where the efficiency can be increased by 50% [24]. 
The method is similar to low temperature electrolysis, but some of the energy required 
for water splitting is provided by thermal energy where nuclear thermal power or solar 
thermal energy can be used as the thermal source (solar is a renewable source of energy 
making it a preferred method). In another approach, a membrane is used in the 
electrolyzer where the hydrogen output is at pressure , which is called high-pressure 
electrolysis [25]. In this approach the added advantage is the need for an external 
compressor for storing hydrogen is removed. However, these are not zero emission 
hydrogen generation methods. The approach to zero emission methods is to integrate 
solar energy with the water splitting such as photoelectrochemical cell (PEC) water 
splitting or photocatalytic water splitting. In this technique, the solar energy is converted 
to hydrogen (by splitting water into hydrogen and oxygen) which is used as the energy 
source. The advantage of this technique is that most of the materials used such as the 
electrolyte can be recycled [21]. In this technique , the anode is illuminated with solar 





splitting. Usually, semiconductor materials, such as TiO2 [21], with a wide band gap are 
used as the photoanode. Three kinds of setup are  used in which (1) the photoanode is an 
n-type semiconductor and the cathode is a corrosion resistant metal [21], [26], (2) the 
photoanode is an n-type semiconductor and the cathode is a p-type semiconductor [26], 
or (3) the photoanode is a p-type semiconductor and the cathode is metal [26].  Another 
zero emission approach is photobiological water splitting [27]. In this technique, algae 
are used in converting solar energy to hydrogen fuel in a controlled environment. Under 
certain conditions (deprived of sulfur) algae would emit hydrogen. However, this method 
has certain draw backs such as accumulation of proton gradient and efficiency, limiting 
its practical applications. Table 2.1 provides an overview of different techniques used in 
water splitting.  
 
2.3    Materials used in photoelectrochemical water splitting 
The ideal material for water splitting is the one which is stable and chemically inert in 
an aqueous medium and does not undergo light assisted corrosion. Also, wide band gap 
materials (semiconductors) are required which upon absorption of light will produce 
electron and hole pairs. With wide band gap materials the lifetime of the charge carriers 
will be longer, reducing the recombination of charges. However, with wide band gap 
materials, there is a reduction in the absorption range of the solar spectrum. Materials 
with a band gap of > 3 eV, have no absorption of the visible range of the solar spectrum, 
and would only absorb the ultra violet range which is ~6% of the total solar spectrum on 
the surface of the Earth. Therefore, a lot of research is being done in modifying and 















































Solar energy + 
photocatalyst 


















energy is used 
Clean method 
since solar 




















Low yield and 
requires 




Low yield and 
controlled 
environment 







spectrum, stability and corrosion resistance in an aqueous medium, and a high charge 
carrier life time (to reduce losses due to recombination). Zou et al. reported visible light 
water splitting using In1-xNixTaO4 (x=0-0:2), which was one of first reports on a photo 
corrosion resistant material [28]. The absorption edge was at >420 nm with quantum 
efficiency of 0.66%. The photoactive anode was tested for 400 hours and there was no 
change in the performance of the cell. In another report, Khaselev et al. reported 12% 
efficiency in water splitting using a GaInP2/GaAs p/n, p/n tandem cell device [29].  
Similarly, various materials such as NaTaO3 [30], Cu2O [31], Fe2O3 [32], K2La2Ti3O10 
[33], Ni0.5Mn0.5Fe2O4 [34], WO3 [35], In2O3 [36], GaAsP [37], GaP [37] and ZnO [38] , 
have been used for water spitting. Table 2.2 lists some of the commonly used 
semiconductor material (other than TiO2) in PEC water splitting. A review of TiO2 
nanotubes based on PEC water spitting is presented in the subsequent section. 
 
2.4    Polymorphs of TiO2 
Commonly, TiO2 occurs naturally; mainly in three polymorphs called rutile, anatase, 
and brookite. A comparison of the properties of the three polymorphs is provided in 
Table 2.3. Rutile and anatase both consists of a tetrahedral crystal system, but the anatase 
has octahedrons that share four edges forming the four-fold axis form making it different 
from rutile [39].  Brookite consists of an orthorhombic crystal system [40]. The crystal 
structure of rutile, anatase, and brookite is shown in Fig. 2.1. Rutile is the most common 
form of TiO2. When viewed in transmitted light, rutile is deep red hence the name rutile , 
which is derived from the Latin word rutilus meaning red. Rutile is odorless in nature and 
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Cu2O None  nanoparticle  Water 2.2 [31] 
Fe2O3 Si Thin film NaOH soln 2.1 [32] 
K2La2Ti3O10 Ni nanoparticle  KOH soln 3.5 [33] 
Ni0.5Mn0.5Fe2
O4 
None  microparticles Water  N/A [34] 
WO3 Mg Powder NaOH 2.25 [35] 
In2O3 Nitrogen Thin film KOH soln 2 [36] 
GaAsP Nitrogen Thin film KOH soln 1.8 [37] 
GaP Nitrogen Thin film KOH soln 2 [37] 




Table 2.3:    Comparison of the rutile, anatase, and brookite polymorphs of TiO2 
 
 Rutile Anatase Brookite 
Crystal structure Tetragonal Tetragonal Orthorhombic 
Unit cell (Å) 
a = b = 4.584, 
c=2.953 
a = b = 3.7845, 
c = 9.5143 
a = 5.4558, b = 
9.1819, c = 5.1429 
Color under 
transmitted light 
deep red yellow to blue 
yellowish brown to 
dark brown 
Density 4.25 3.899 4.1 




62.43 136.27 257.63 














Figure 2.1:    The crystal structure of rutile , anatase, and brookite TiO2. (a) Rutile 
TiO2 where the Ti atoms are gray and O atoms are red.[41] (b) Anatase TiO2 where Ti 
atoms are gray and O atoms are red. [42] (c) Brookite TiO2 where Ti atoms are blue  





 polymorph by high temperature annealing, and the process is irreversible [43]. The unit 
cell of rutile which is tetragonal in shape has the following dimensions of a = b = 4.584 
Å, and c = 2.953 Å [42]. The calculated volume cell is 62.43 Å
3
. Rutile is the densest 
polymorph of TiO2. Its calculated density value is 4.250 g/cm
3
 [45]. The refractive index 
of rutile TiO2 is 2.6 [46]. It is transparent in visible light and is effective in absorbing of 
ultra violet (UV) light. Hence, they are used in sunlight lotions since they absorb UV 
light and help in protecting the skin.  
Anatase is derived from the Greek ανάτασις (anatasis) for extension since its 
pyramidal faces are longer compared to the relation of their base length when compared 
with other tetragonal minerals [39]. Anatase is yellow to blue in color when viewed in 
transmitted light [47]. Anatase is not stable at high temperatures and when annealed at 
temperatures above 550 
o
C will transform to rutile TiO2 [48]. Anatase is less dense 
compared to the rutile polymorph with its calculated density value of 3.899 g/cm
3
 [47]. 
The free energy of anatase at all temperatures is higher than that of rutile , making rutile a 
relatively more stable polymorph of TiO2. The unit cell of anatase which is orthorhombic 
in shape has the following dimensions of a = b = 3.7845 Å, c = 9.5143 Å [47]. The 
calculated volume of the unit cell is 136.27 Å
3
. The refractive index of anatase TiO2 is 
2.488 [49]. Rutile has a higher absorption property compared to anatase. However, both 
rutile and anatase forms of TiO2 are used in daily applications demonstrated by TiO2.  
Brookite is named after Henry James Brooke (1771-1857) who was an English 
crystallographer and mineralogist. Brookite transforms into rutile when annealed at 
temperatures above 750 
o
C [50].  The free energy of brookite at all temperatures is higher 





most stable polymorph of TiO2. The unit cell of brookite which is tetragonal in shape has 
the following dimensions a = 5.4558 Å, b = 9.1819 Å and c = 5.1429 Å [51]. The 
refractive index of brookite is 2.58 to 2.7 [40]. Brookite has the largest unit cell volume. 
The density of brookite is 4.1 g/cm
3
, which is lower than that of rutile but higher than that 
of anatase, making brookite the second densest polymorph of TiO2. It is yellowish brown 
to dark brown when viewed in transmitted light [52]. Both brookite and rutile 
polymorphs of TiO2 have a refractive index higher than that of a diamond, making them 
materials of high luster. Their mechanical properties are similar to that of rutile , but it is 
the least naturally found polymorph of TiO2 and hence has had very little commercial 
use. 
 
2.5    Reported methods for synthesis of TiO2 nanotubes 
This section provides a technical review on the reported techniques used for synthesis 
of TiO2 nanotubes.  The methods reviewed are the sol-gel technique, hydrothermal 
method, electrochemical anodization, and template-assisted. Table 2.4 provides a 
comparison of the mentioned nanotube synthesis techniques.  
  
2.5.1    Sol-Gel 
Sol-gel is a wet chemical technique used for producing nanosized solid materials 
from small molecules [53]. The chemical process consists of converting a solution (sol) 
into a gel like form. The gel consists of both a solid and liquid phase. Another approach 
in the sol-gel technique is to use the colloid form of the material in the liquid where the 
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remaining liquid/solvent is removed by a process called drying. The rate at which the 
drying is carried out will define the morphology of the resulting nanosized material.  
Thermal treatment is followed after the drying process. This is done to improve the 
stability and mechanical properties of the nanosized material.  The substance which takes 
part in the chemical reaction can be deposited on a substrate to form a thin film or cast 
into a mold based on the requirement of the desired shape of the nanosized materials. The 
advantage of the sol-gel technique is that it is a low cost and low temperature process. 
The sol-gel technique can be used to fabricate membranes [54], nano/microspheres [55], 
nanofibers [56], and nanotubes [57].  
In one of the reports, TiO2 nanotube arrays were synthesized via the sol-gel technique 
using alumina membrane [58]. A solution consisting of titanium isopropoxide and 2-
propanol was used for obtaining the nanotubes arrays. The solution was poured onto an 
alumina membrane with a pore size of 200 nm and treated. The alumina template was 
dissolved to get the TiO2 nanotube arrays. This method has the advantage of changing the 
diameter of the nanotube by changing the diameter of the nanotemplate. Also, the 
smoothness of the outer wall of nanotubes can be very uniform by having the pores of the 
template uniform. In another approach, TiO2 nanotubes were synthesized using two 
solutions [59]. The first solution consisted of titanium isopropoxide and ethanol. The 
second solution consisted of ethanol, water, and acetylacetone. The second solution was 
slowly added to the first solution to form TiO2 sol. Porous alumina was used as the 
template to synthesize the nanotubes. Using the same technique, the molar ratio of 
solution 1 and 2 was changed to synthesis nanorods, which demostrates the flexibility of 





dioxide [59] can also be synthesized.  
 
2.5.2    Hydrothermal method 
The first report of the hydrothermal growth of crystals was by German geologist Karl 
Emil in 1845 [62]. The hydrothermal method is a process of crystallizing a substance at a 
high temperature and high vapor pressure using an aqueous solution of the material [62]. 
The hydrothermal method can be used to synthesize a single crystal of the material 
depending on the solubility of the material in the solvent.  Single crystal growth is done 
in a high pressure vessel called an autoclave. These are hermitically sealed steel vessels 
that can withstand high temperatures and pressure for long durations. Also, the vessel 
must be chemically inert and must not take part in the hydrothermal process. A number of 
substances such as oxides [63], tungstates [64], molybdates [65], carbonates [66], and 
silicates [67] can be synthesized. The different approaches in the hydrothermal technique 
can be broadly classified as temperature-difference technique, temperature-reduction 
technique and metastable-phase technique [68]. Temperature-difference technique is a 
method in which the autoclave is heated to two temperature zones. The solute dissolves 
in the hotter zone (lower part) and the saturated solution moves from the lower part to the 
upper part (at a relatively lower temperature) due to the difference in temperature. The 
cooler solution in the upper portion descends to the lower part resulting in a counter flow. 
Eventually, the solution in the upper part becomes supersaturated due to the reduction in 
temperature and the material starts to crystallize. Temperature-reduction technique is a 
method in which instead of having the two temperature zones, the autoclave is slowly 





disadvantage of difficulty in controlling the growth process. Metastable-phase technique 
is a method based on the difference in solubility between the crystal growth phase and 
that serving as the starting material. The solution consists of compounds that are 
thermodynamically unstable under the growth conditions. The solubility of the 
compounds that are in the metastable phase is more than that of its stable phase. The 
compounds crystallize due to the decomposition of the metastable phase. 
Various groups have demonstrated synthesis of TiO2 nanotubes using the 
hydrothermal technique. Myahkostupov demonstrated a dye-sensitized solar cell using 
TiO2 nanotubes synthesized using hydrothermal technique [69]. Anatase TiO2 
nanoparticles were dispersed in water under ultrasonication. TiO2 mixture with NaOH 
solution was placed in a nonreactive autoclave and heated to 150 
o
C for 24 hours. On 
cooling to room temperature, white gel-like crude TiO2 nanotubes were obtained. The 
TiO2 nanotubes were separated by centrifugation followed by washing with 0.1 M HCL 
and water. The nanotubes were dried and then used for dye-sensitized solar cell. The 
yield of TiO2 nanotubes was greater than 90%. Using a similar experimental procedure 
and chemistry, Kolen’ko et al. demonstrated the synthesis of TiO2 nanorods [70]. In 
another approach, thin film TiO2 nanotubes were synthesized via the hydrothermal 
process [71].  A TiO2 suspension using TiO2 powder and deionized water was prepared. 
The suspension was centrifuged to remove coarse particles. TiO2 suspension was 
deposited on a titanium substrate through dip coating at room temperature. The coated 
substrates were then hydrothermally reacted in an alkaline aqueous solution containing 
10 M NaOH in an autoclave reactor with temperature ranging from 110 to 150 
o
C. The 





nanotubes were synthesized by obtaining t itanium hydroxide precipitates by adding 
ammonia hydroxide solution drop wise to the aqueous TiCl4 solution [72]. The 
precipitate was washed in DI water five times and filtered to form a wet gel. The gel was 
dried and heat treated to form TiO2 nano powder. The TiO2 nano powder was mixed with 
TiO2 sodium hydroxide to be heat treated in an autoclave followed by treatment with 
(hydrocholoric acid) HCl and water to form nanotubes. By varying the starting material 
composition and by varying the annealing temperature, the group demonstrated that the 
morphology of the nanotubes can be varied. Cui et al. demonstrated microwave-assisted 
hydrothermal synthesis of TiO2 nanotubes [73]. The TiO2 nanotubes were synthesized on 
porous nickel foam. The substrate was immersed in a solution containing TiO2 powders, 
de-ionized water and polyvinyl alcohol to form a TiO2 coat on the substrate.  The 
substrate was then placed in a sodium hydroxide solution and irradiated using 
microwaves. It was shown that by changing the irradiation time, NaOH solution 
concentration, and immersion time, the morphology of the TiO2 can be varied from 
nanoparticles to nanotubes. Similarly, sonic assisted hydrothermal synthesis of TiO2 
nanotubes has also been demonstrated [74].  Also, with the presence of Na2S during the 
hydrothermal reaction, composite nanotubes can be synthesized [75]. With the use of 
urea and thiourea during the hydrothermal reaction, doped TiO2 nanotubes can be 
synthesized [76]. With the presence of H2O2 during the hydrothermal reaction, relatively 
more ordered nanotubes can be synthesized [77]. 
In conclusions, the advantages of the hydrothermal method are that it is an easy 
method to obtain nanotube morphology, variation in the synthesis method can be 





applications. However, the disadvantages are a long synthesis duration, the need for a 
highly concentrated NaOH  solution (contaminating the TiO2  nanotubes with NaOH) and  
precisely controlling the diameter of the nanotubes [78]. 
 
2.5.3    Electrochemical anodization 
Anodization is the process of increasing the metal oxide on the surface of metals [79]. 
Anodization is possible for metals such as aluminum [80], niobium [81], tantalum [82], 
titanium [83], [84], tungsten [85], and zirconium [86], which belong to the category 
called valve metals or transition metals. When sufficient anodic potential is applied to 
metal in the presence of an electrotype (usually water which is the source of oxygen), the 
metal is converted to metal oxide. The oxide growth rate will slow down and self-
passivate as the thickness increases. The thickness reached depends on the electrolyte, 
metal, and the applied potential. By modifying the electrolyte, the metal-oxide can be 
also be etched as it is grown. By having the etch direction be selective, we can synthesis 
nanopores and nanotubes. The electric field is used to define the etch direction in forming 
nanopores and nanotubes. When a sufficient anodic potential is applied to the metal in the 
electrolyte, the metal loses electrons (to become positively charged). Based on the 
electrolyte, the metal ion can be dissolved in the electrolyte (which can be used for 
polishing the metal surface) [87], react with the electrolyte to form a metal oxide (oxygen 
source from the electrolyte) where the metal oxide layer is stable (does not dissolve in the 
electrolyte) [88], or simultaneous oxidation as well as selective dissolution can occur 
[83], [84]. When anodized in alkaline or a neutral electrolyte a passive metal oxide layer 





as selective dissolution would occur (not always true in the case of acidic solution). By 
controlling the anodization parameters, self-assembling arrays of nanotubes and 
nanopores can be synthesized. The advantages of the electrochemical anodization method 
are that it is the most desired method for practical applications, has ordered arrays, and is 
feasible for a wide range of applications. The disadvantages of this method are that the 
mass production capability is limited, fluoride ions are required, and it is relatively more 
expensive. 
 
2.5.3.1    Initial reports on synthesis of TiO2 nanotubes  
Zwilling et al. in the year 1999 first reported the synthesis of TiO2 nanotubes using 
electrochemical anodization [83], [84]. However, the authors stated the synthesized 
structure was porous rather than tubular in structure. The self-organized TiO2 nanotubes 
arrays were synthesized on Ti substrate using a chromic acid and hydrofluoric acid 
solution. It was shown that the presence of fluoride ions, in the electrolyte, was necessary 
for synthesis of the nanotubes. Without the presence of fluoride ions the film would self-
passivate with a thick (thick enough to prevent the diffusion of oxygen for further 
anodization) TiO2 layer. Fluoride ions play an antidote role (relative to the role of 
chromic acid) where it etches the TiO2. There is competitive etching and oxidation by the 
electrolyte to form nanotubes. It was shown that with the increase in the anodization 
potential the diameter of the nanotubes would increase. The walls of the nanotubes were 
contaminated with fluoride ions. The amount of fluoride ions present is important since 
excess ions would overtake the oxidation process and just polish the Ti substrate. Since 





nanotubes using fluoride based electrolytes [89].  Later reports showed that the length of 
the tube is limited due to the equilibrium that is established in the etching and oxidation 
[89]. The nanotubes elongate along the bottom of the tubes. However, there is etching of 
TiO2 by the electrolyte in all directions (more selectively in the direction of the electric 
field). Therefore, the walls of the nanotubes would become thinner and eventually a 
portion of the nanotube would be etched, limiting the length of the nanotube. Since the 
upper portion of the nanotubes is exposed to the electrolyte for a longer duration 
compared to the lower portion, the nanotubes have walls with a tapered structure with the 
thickness increasing from the lower to the upper portion [90]. Nanotubes as long as 250 
µm have been reported [91]. The pH of the electrolytes plays an important role in 
defining the length of the nanotubes. It is shown the more neutral the electrolyte is, the 
longer the nanotubes are that can be synthesized. Also, the walls of nanotubes are 
relatively thicker when compared to a low pH (acidic) electrolyte. This is because when 
the pH is near neutral the etching of the TiO2 is defined by the direction of the electric 
field, and there is very little undesired etching by the electrolyte. Therefore, it is 
demonstrated that the use of organic electrolytes is better in order to have longer 
nanotubes and thicker walls since the pH of the electrolyte would be near neutral.  
 
2.5.3.2    Growth mechanism 
There are three stages during the growth of TiO2 nanotubes via electrochemical 
anodization, and they are explained in detail in this section.  In the absence of fluoride 
ions, the reactions that occur can be described using the following equations [89]. 
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Equation 1 shows the formation of Ti ions when a sufficient potential is applied to the 
metal. Equations 2, 3, and 4 show the reaction of Ti with water to form TiO2 which is in 
the presence of an electric field. The equation also represents the electric field assisted 




 that occurs through the oxide formed at the interface of the 
Ti metal and electrolyte. Equation 5 shows the reaction occurring at the counter electrode 
(cathode) which results in the generation of hydrogen. Once a thin layer of TiO2 is 
formed, the reaction should stop since it self-protects the Ti metal from the oxygen 
atoms. However, due to the electric field the negatively charged O
2-
 ions will move 
against the direction of the electric field and diffuse through the thin layer of TiO2 and 
reach the surface Ti metal and oxidize the metal. Therefore, the new layer oxide is grown 
in the TiO2 and Ti metal interface. As the oxide grows, the strength of the electric field 
reduces, in turn, reducing the force that drives the ion migration at the interface. 
Eventually a finite thickness is reached until the applied electric f ield cannot drive the ion 
migration anymore. The finite thickness depends on the applied electric field (the higher 
the electric field, the thicker the finite layer). Similarly, the Ti
4+
 ions migrate from the Ti 
metal surface (in the direction of the electric field) through the already present oxide 
layer to the oxide-electrolyte interface to form TiO2 and Ti(OH)4. Therefore, the TiO2 
grows at both interfaces. It should be noted that all the metal-hydroxide will not 





denser and more stable when compared to the oxide formed at the oxide-electrolyte 
interface [92]. With the above setup, only an oxide layer of finite thickness is formed and 
not nanotubes. Therefore, the electrolyte chemistry is modified by the addition of fluoride 
ions to synthesis nanotubes. The reactions that occur with the presence of fluoride ions 
can be summarized as follows [89].  
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Fluoride ions react with Ti to form water soluble [TiF6]
2-
 ions. Equation 6 shows that 
the fluoride ions, also like O
2-
, migrate through the oxide layer in the direction of the 
electric field and react with the TiO2 being formed at the metal-oxide interface and 
dissolve the TiO2. However, the etching will not occur uniformly everywhere and is 
limited by the electric field. Equation 7 shows that the fluoride ions will also react with 
the Ti
4+
 which migrates out of the oxide layer at the oxide-electrolyte interface. Based on 
the amount of fluoride present one of three scenarios will occur. When the fluoride ions’ 
concentration is very low, then the anodization is such that a compact finite layer of TiO2 
will form which would self-passivate without any nanotubes (similar to the case where 
there are no fluoride ions). If the concentration is too high, then there would be no oxide  
formed, and the electrolyte would polish the Ti substrate. All the Ti
4+
 will react with the 
excess fluoride ions that migrate outside the oxide layer. Any TiO2 that is formed will 
also be etched by the fluoride ions, and hence there will be no oxide or nanotube 
formation. When the optimum amount of fluoride ions are present then nanotubes are 
formed. A competition exists between formation of TiO2 and dissolution of Ti. During 





fluoride free case in which an oxide layer is formed. In this stage, no diffusion of fluoride 
ions occurs. The second stage consists of the formation of initial pores in the substrate. 
The pore formation sites would depend on the surface topology of the substrate and 
would initially begin where the electric field is the highest. Here the electric field assisted 
migration of fluoride ions is taking place and penetrates the initial oxide layer. The pores 
formed are irregular in shape. The third stage consists of the phase where a steady state is 
established and formation of regular nanotubes takes place. In this stage, the electric field 
is directed from the bottom of the nanotubes. The nanotubes would ideally continue to 
grow at a constant rate once the third stage is reached. However, due to undesired etching 
of the wall in the upper portion of nanotubes, it gets thinner and would be completely 
etched over time. Also, the fluoride ions will diminish in amount, and the nanotubes’ 
formation rate will reduce and may eventually stop. Another factor is that when the 
nanotubes are very long, diffusion of fluoride ions reduces since the supply of fresh 
electrolyte to the bottom of the nanotubes reduces thereby slowing down the rate of 
nanotube formation.   
 
2.5.3.3    Factors impacting the geometry and composition of nanotubes  
From the previous section, it is evident that the length of the nanotube is defined by 
the anodization time for a particular applied voltage and electrolyte. With an increase in 
voltage, the diameter of the nanotubes would increase [93]. Also, to demonstrate the 
flexibility, various groups have synthesized nanotubes with varying diameters by varying 
the potential during the course of anodization instead of constant potential anodization 





anodization occurs the byproducts formed would change the resistivity of the electrolyte 
and hence change the effective electric field [95].  Thus, with longer anodization time, 
the diameter of the tubes may change (for the same voltage) due to the change in the 
resistivity of the electrolyte. Nonaqueous (organic) electrolyte grown nanotubes have 
significant differences in terms of morphology and composition when compared to 
nanotubes grown using aqueous electrolytes. Nanotubes with larger diameters and longer 
nanotubes can be synthesized using organic electrolytes [96]. This is because the organic 
electrolytes have lower water content compared to aqueous electrolytes. Water content in 
the electrolyte plays an important role on the morphology of the nanotubes. When the 
water content is low, the walls of the nanotubes are smoother, and hence with organic 
electrolyte, the nanotubes walls are smoother compared to aqueous electrolytes [97]. 
Also, for some organic electrolytes, the inner walls of nanotubes contaminated with a 
layer of carbon can be found [98]. This is because some of the organic electrolytes (such 
as ethylene glycol based electrolyte) break down when anodized above a certain voltage 
and act as the source for carbon contamination. In the case of aqueous electrolytes, there 
is hydroxide contamination on the inner walls of the nanotubes [99]. Organic electrolytes 
require aging where the anodization is carried on the dummy Ti substrates before 
carrying out the anodization on the actual substrate [95]. This is because with aging, the 
[TiF6]
2-
 ions increase and reduce undesired etching of TiO2. Also, most of the organic 
electrolytes are hygroscopic and absorb water from the atmosphere and reach a steady 
water content state. When anodized for very long durations, it may lead to the formation 
of a grass-like structure in the upper portion of the nanotubes where the walls are too thin 





nanotubes may become perforated due to uneven and undesired etching of the walls. 
Another important role that water content plays is that on the dissolution rate. With an 
increase in the water content, dissolution of Ti is faster since the [TiF6]
2-
 ions are water 
soluble. If the water content is too low (<1%), then the nanotubes have a smooth outer 
wall with no interconnecting membrane (the anodized substrate will have pores rather 
than tubes) [101]. At optimum water content, the tubes formed will have interconnecting 
membranes. This is because some of the fluoride ions that are present on the outer wall 
(present via ion migration) will etch the outer walls and be dissolved by the water. If the 
water content is low, then dissolution of the [TiF6]
2-
 ion by the water is limited on the 
outer walls of the nanotubes. Therefore, with optimum water content, the anodized 
substrate will have a nanotube-like structure instead of a nanoporous structure. Therefore, 
by varying the water content, anodization potential, type of electrolyte , and fluoride 
content, the morphology and composition of the nanotubes can be modified.  
 
2.5.4    Template-based synthesis 
Template-based synthesis is a technique in which a nanoporous material is used as the 
mold and the desired nanotube material is coated on the walls of the mold. It should be 
noted that though the sol-gel technique uses a nanoporous mold, most of the groups 
report them as sol-gel technique and do not emphasize them as template-based synthesis 
[69]–[71]. There are two approaches for template-based synthesis. One is negative 
template and the other is positive template. The template is then dissolved to get the 
nanotubes. If the material of interest is coated on the inner walls, then it is a negative 





it is a positive template-based synthesis. In the negative template synthesis, if the pores of 
the mold are completely filled, then nanorods can be synthesized. The most commonly 
used template for negative template synthesis is anodic aluminum oxide. Yuan et al. 
showed the synthesis of TiO2 nanotubes and nanorods using anodic aluminum oxide as a 
template [102]. The walls of the template were coated using the hydrolysis method. The 
anodic aluminum oxide was used as the membrane between DI water and the Ti(OC4H9)4 
solution in C4H9OH during hydrolysis. The thickness of the nanotubes walls were 
controlled by varying the concentration of Ti(OC4H9)4. Jiang et al. reported the synthesis 
of TiO2 nanotubes by immersing anodic aluminum oxide in an aqueous ammonium 
hexafluorotitanate solution [104]. In another report, Michailowski et al. showed the 
synthesis of TiO2 nanotubes via a thermal decomposition process of Ti(Oi–Pr)4 using 
anodic aluminum oxide as a template [106]. Similarly, Liang et al. demonstrated the 
fabrication of TiO2 nanotubes via atomic layer deposition [105]. Anodic aluminum oxide 
was used as the template, and TiCl4 was used as the precursor for the atomic layer 
deposition of TiO2. The atomic layer deposition technique is a highly conformal coating 
process, and the thickness can be controlled very accurately. Therefore, in this method, 
the thickness of the walls of the nanotube can be controlled very precisely. The entire  
undesired TiO2 deposited layer on the top surface of the template is removed by 
mechanical polishing. Hoyer showed the synthesis of TiO2 nanotubes using positive 
template [106]. In this approach, TiO2 was deposited on poly(methyl methacrylate) 
nanorod arrays by the electrochemical deposition technique. The nanorods were 
selectively etched to form TiO2 nanotubes. The nanorods were, however, fabricated using 





electrospun poly(L-lactide) fibers as a positive template [107]. Jung et al. demonstrated 
the synthesis of double wall TiO2 nanotubes which were fabricated by condensing Ti(Oi–
Pr)4 precursors onto both surfaces of the self-assembled organogel tubes [108]. In 
comparison to negative template-based synthesis, the positive-based template has a better 
control on the smoothness of the inner and outer wall. The advantage of this template-
based synthesis is that the dimensions of the nanotubes can be controlled by controlling 
the pore dimensions of the template. The disadvantages of this technique are that the 
fabrication process is relatively more complicated, and the nanotube morphology can be 
destroyed during fabrication steps such as mechanical polishing.  
 
2.6    Applications of TiO2 nanotubes 
2.6.1    Photocatalysis  
Photocatalysis is an accelerated photoreaction in the presence of a catalyst [109]. The 
reaction is due to the charge carriers produced at the surface of the semiconductor upon 
absorption of light. The main interest in photoctalysis research is for applications such as 
converting sunlight into an energy carrier like hydrogen [21] and degrading 
environmental pollutants [110]. With its ability to synthesis T-NT, TiO2 is one of the 
most highly investigated photocatalytic materials due its high resistance photocorrosion, 
environmentally friendly nature, and wide band gap. The band gap of TiO2 is ~ 3eV, 
making it photocatalytic in ultra violet (UV) light. Upon striking the surface UV light 
excites electrons from the valence band to the conduction band. The generated electron-
hole pair will react with the environment which forms the photocatalytic reaction. 





to the water due to the position of the valence and conduction band at the surface of the 
TiO2 in comparison to the level of the redox potentials of water [111]. For an electron to 
transfer from the TiO2 surface to the electrolyte, the oxidized state in the electrolyte has 
to be energetically lower than the conduction band of TiO2. For a hole to transfer from 
the TiO2 surface to the electrolyte, the reduced state in the electrolyte has to be 
energetically higher than the valence band of TiO2. Another advantage of TiO2 over other 
semiconductor materials is the long electron lifetime with low electron-hole 
recombination losses [111]. TiO2 in an electrochemical curve behaves as an n-type 
semiconductor, and is conductive in cathodic direction and blocks charge transport in the 
anodic direction [112].  When the TiO2 is in contact with an electrolyte a junction is 
formed at the interface. If the Fermi level of the electrolyte is different from the TiO2, 
then band bending will occur forming a Schottky junction. The band bending and Fermi 
level can be controlled by applying an external potential. For TiO2, if anodic potential is 
applied, then the band bending is increased, and when cathodic potential is applied, the 
band bending is decreased. For photocatalysis, the higher the band bending, the faster the 
electron hole separation is and the lower the recombination probability. When light is 
absorbed by an n-type material, the minority carrier density increases with the generation 
of an electron hole pair. The electron hole pair can undergo the following fates. They 
might be transported to the surrounding electrolyte and react, they might recombine in the 
surface or the bulk of the material, or they may lead to semiconductor dissolution (TiO2, 
however, does not undergo photocorrosion). Based on the generation of the electron hole , 






2.6.1.1    Degradation of pollutants  
One of the important purposes of research in the field of photocatalysis is to 
decompose carcinogenic, nonenvironmentally friendly and toxic materials. TiO2 is 
widely used for this application since it is one of the most suited materials for the same 
purpose. Many pollutant materials such as organochlorine compounds [113], aromatic 
pesticides [114], polychlorinated biphenyl [115], dioxins [115], azo dyes [116] and 
dichlorodiphenyltrichloroethane [117] can be decomposed to a less pollutant state via 
photocatalysis using TiO2 nanotubes/nanoparticles. In addition, they have been 
demonstrated to decompose gases pollutants also [118]. Bacteria such as Escherichia 
coli, Staphylococcus aureus, and Pseudomonas aeruginosa can also been destroyed up to 
a certain extent [119], [120]. TiO2 is shown to have an antibacterial effect under UV 
light. Cancer cells can also be destroyed and treated up to a certain extent using a similar 
property of TiO2 [121]. 
 
2.6.1.2    Water splitting  
In 1972, the first report on splitting water into hydrogen and oxygen using TiO2 was 
first made [112]. Since then it has attrached a lot of interest because hydrogen is a clean 
alternative energy source to fossil fuel. The holes and electron pair that are formed react 
with water to from hydrogen and oxygen. At the conduction band of TiO2, the reduction 




 → ½H2 are competitive. At the valence band of TiO2, 
oxygen from water can be formed. When an external potential (with a suitable cathode) is 
applied, the efficiency of water splitting by TiO2 is increased. This is because the slow 





electrode such as platinum along with the external potential. Also with the use of a 
suitable catalyst, such as IrO2, and dopants in TiO2, the oxygen evolution at the  
photoanode can be increased [137]. A very low concentration can cause a significant 
increase in water splitting capability. The generated majority charge carriers have to 
travel through the nanotubes to reach the base of the nanotube where they are in contact 
with the external circuit. Therefore , the conductivity of the TiO2 is important, and hence 
doping of TiO2 helps in improving the conductivity and the efficiency.  Also by doping, 
the band gap of TiO2 is reduced where the photoanode is active under visible light , 
increasing the absorption spectrum. Table 2.5 shows a list of reports of TiO2 nanotube 
based photoelectrochemical water splitting.  
 
2.6.2    Solar cells 
Another interesting application of TiO2 is dye sensitized solar cells (DSSC). The first 
report on DSSC was with ruthenium bypyridyl sensitization on TiO2 in the year 1980 
[138]. Gratzel and O’Regan used the same principle and fabricated DSSC using TiO2 
nanoparticles [139]. The principle of DSSC is to use a dye that absorbs visible light and 
excites electrons from the highest occupied molecular orbital and the lowest unoccupied 
molecular orbital. These electrons are injected to the conduction band of TiO2 where they 
are transported to the bottom of the nanotubes to the metal contact. The oxidized dye is 
regenerated using an electrolyte and the cycle is repeated. However, the electron 
generated may undergo recombination and/or react with the electrolyte. Another limiting 







































None None carbon KOH 1.8 at 0.3  2.2 3.3 [122] 
CdS None None Na2S 5 at 0.2  2.4 2.5 [123] 







N/A 6 [125] 
Pt None  None KOH N/A N/A 0.65 [126] 
None None Boron Na2SO4 
0.15 at 
0.3  
3.1 0.8 [127] 
Ethylene 
glycol 
None None KOH 
3.3 at 0.2  
3.1 0.6 [128] 
None  Nanolace None KOH 24 at 1  N/A 18 [129] 
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diffusion path through the TiO2. However, the nanotubes have a lower charge transport 
path and hence reduce recombination. Studies have shown that nanotubes have a higher 
electron diffusion length when compared to nanoparticles [140]. Anatase TiO2 nanotubes 
are shown to be more efficient than rutile phase [141]. Optimum annealing temperature 
for the highest efficiency for TiO2 nanotubes is shown to be at 450
o
C, which is due to the 
formation of anatase phase. The limiting factor in DSSC is the dye loading due to which 
the surface area is lowered. Many approaches have been reported to increase the surface 
area, such as TiCl4 treatment [142], double walled nanotubes, and bamboo-type structures 
[144]. In another approach, the TiO2 nanotube walls were loaded with silver particles to 
increase the photoconversion efficiency [145]. Processes such as rapid-breakdown 
anodization also have been demonstrated to increase the efficiency [146].  
 
2.6.3    Drug delivery 
Due to enhanced surface area and biocompatibility, TiO2 is a promising material for 
drug delivery. If the nanotubes are separated from each other, then it can be used as a 
drug delivery capsule, or it can be used as a coating on biomedical implants for drug-
eluding. The drug adhering to the surface can be released photocatalytically. If the 
surface is loaded with magnetic material such as Fe3O4, then the movement of the 
nanotubes can be guided by a magnetic field [147]. Also, the drug release from the 
surface of the nanotubes can be triggered electr ically [148] or by x-rays [149]. Such 
magnetic particles plus drug loaded nanotubes can be used to kill cancer cells by guiding 
the nanotubes to the cell of interest using a magnetic field [147]. Another interesting drug 





nanotubes were hydrophilic and prevented bodily fluids from entering the nanotubes.  
The nanotubes would, however, interact with the bodily fluids under photocatalytic 
interaction and harvest the purpose of the loaded drug. One of the main drawbacks of 
TiO2 nanotubes is the low mechanical flexibility. However , TiO2 nanotubes have been 
shown to be a promising material for drug delivery systems.  
 
2.6.4    Sensors 
TiO2 nanotubes have been demonstrated in sensing hydrogen [151], ethanol [152], 
chemical oxygen demand (COD) [153], hydrogen peroxide [154], oxygen [155], toluene 
[156], NO2 [157], acetone [158], glucose [159], and humidity sensors [160]. In some of 
the sensing applications demonstrated, TiO2 itself is not a sensing materials. TiO2 
nanotubes are chosen due to their enhanced surface to volume ratio, high resistivity, and 
chemical stability. Most of the sensing reaction happens only a few to tens of nanometers 
deep from the surface, and TiO2 offers the advantage of an enhanced surface ratio to 
volume ratio. Chemical stability is required since lots of applications demonstrated will 
require performing in harsh environments. High resistivity helps in increasing the 
sensitivity of the device since change in the resist ivity will have a wide range in TiO2 and 
hence provide a wide sensor range and sensitivity. Therefore, in most applications, the 
surface of TiO2 is treated/deposited with the sensing material and is used as the sensor. 
TiO2 nanotubes are made sensitive to humidity by doping the nanotubes with LiCl [160]. 
TiO2 nanotube/phthalocyanine hybrid structures are used for sensing volatile organic 
compound [161]. TiO2 nanotubes loaded with Au are also used for  sensing volatile 





oxygen [155], and ethanol [152], TiO2 nanotubes themselves are used as the sensing 
materials.  
 
2.7    Modification TiO2 nanotubes properties 
As stated before, TiO2 is an interesting and useful material, and a lot of effort is being 
put into improving the performance of nanotube based devices. Most of the effort is in 
terms of modifying the electrical and optical properties but keeping intact the 
environmentally friendly and chemically inert nature of TiO2. The methods/approaches 
used to modify the properties of TiO2 can be divided as annealing, doping/forming 
composites, and depositing materials on the walls of the nanotubes. The goal is to 
improve the performance of a TiO2-based device and/or make it suitable for certain 
applications.  
 
2.7.1    Annealing 
The TiO2 nanotubes synthesized by electrochemical anodization (the most commonly 
used synthesis method) are amorphous in state. Amorphous TiO2 has poor charge 
transport, and hence upon annealing, crystalline TiO2 can be formed with an improved 
charge transport. When annealed at a temperature of about 280 
o
C, amorphous TiO2 
begin to reorient themselves into crystalline anatase form [143]. When annealed at 
temperatures higher than 280 
o
C, the quality of anatase increases, but when annealed at 
about 500 
o
C, the TiO2 reorient themselves into crystalline rutile form, and with a further 
increase in temperature , the quantity of rutile TiO2 increases. It has been shown that when 
annealed at 900 
o





and temperature ramp up rate also has a significant influence on the morphology of the 
nanotubes. If the ramp up speed is too fast, then the nanotubes would crack and also may 
delaminate from the substrate. If the annealing is not long enough, then the tubes would 
not have enough time to crystallize. Generally 2 hours of annealing time and about 1 
o
C/min ramp time is used for most TiO2 nanotube-based applications [143], [144], [146]. 
Another important factor to consider is that the nanotubes have significant amounts of 
fluoride ions embedded in them which occur during anodization [163]. If an organic 
electrolyte is used, then there will also be a significant amount of carbon species due to 
the breakdown of the organic compound in an electric field [98]. The hydroxide groups 
formed on the surface of the nanotubes are also considered as contaminates. These 
contaminates can be removed/reduced via annealing [164]. The drawback of annealing is 
that cracking the nanotubes can slow down the charge transport a significant amount 
[140]. When Ti foil is used as the substrate for synthesis of nanotubes and subjected to 
annealing, a layer of rutile TiO2 is formed under the nanotubes which can affect the 
charge transport from the nanotubes to the substrate. By controlling the annealing ramp 
up time of the nanotubes synthesized in ethylene glycol based electrolyte, double walled 
or fused membrane structures can be obtained [164].  Annealing time and temperature of 
nanotubes can also define the depth of the crystalline TiO2. If annealed in an environment 
without oxygen then the TiO2 loses O2 species to form Ti
3+
 species [165].  This species is 
shown to have absorption in the visible light and also has better conductivity. By heat 
treatment, atoms on the surface of the nanotubes can be reduced to Ti
3+
 species to 






2.7.2    Doping 
Since TiO2 is a wide band gap material (~3 eV) and has an absorption range in the 
UV range (which is 6–7% of the solar spectrum on the surface of the Earth), various 
approaches have been made to reduce the band gap and increase the absorption range. 
Asahi et al. has reported the first band change in TiO2 nanotubes by doping the nanotubes 
with nitrogen [166]. The p states of nitrogen were introduced with 2p states of oxygen. 
The methods used to dope TiO2 nanotubes can be broadly classified as treating/growing 
the nanotubes in a solution or melt of the dopant of interest, thermal treating or synthesis 
in the dopant atmosphere, cosputter or sputter in the environment of the dopant, and ion 
implantation and use of alloy substrates for synthesis. Treating/growing the nanotubes in 
a solution or melt of the dopant of interest is usually used in the sol-gel technique [167]. 
The second technique is used for nitrogen and carbon doping where the nanotubes are 
heat treated in gases such as CO [122] and acetylene [168]. The third technique is similar 
to the technique used in the semiconductor industry where an ion gun is used to dope the 
nanotubes [169]. The most commonly used dopant is nitrogen. However , carbon is also 
gaining significant attention. Usually, the TiO2 nanotubes are doped with 2% nitrogen 
which is a significant amount compared to the current semiconductor industry doping 
percentage. Due to this high nitrogen percentage, the valence band gap is raised by 0.5 
eV. Ion implantation is the most successful technique and is used in doping the TiO2 
nanotubes with Cr [170]. As stated before, the fourth technique is the simplest and most 
straight forward technique in which the alloy is anodized to form TiO2 nanotubes with a 
lower band gap and optical absorption in the visible range. Using alloys such as TiN and 





anodization [169].  
 
2.7.3    Surface deposition and filling 
Another method similar to doping is populating the surface of the nanotubes with the 
nanoparticles of interest. They can improve the performance by forming heterojunctions 
leading to band bending or charge injections and have catalytic effects or have surface 
plasmon effects leading to more charge transfer and an enhanced field. Electrochemical 
deposition is one of the commonly used techniques to deposit nanoparticles as well as for 
filling the nanotubes. Since TiO2 is an n-type material, negative potential, which is 
required to deposit metals on the surface, would result in a forward bias, resulting in the 
metal being deposited in the top portion of the nanotubes, and it would not fill the 
nanotubes completely. To overcome this issue, the trick is to reduce the bottom of the 
nanotubes to Ti
3+
 and then carry out the electrochemical deposition where the bottom of 
the nanotubes are filled and then the top part of the nanotubes is filled later [172]. This 
technique has been successfully demonstrated by filling the nanotubes with Cu. WO3 
[173] and TiO2 [174] nanoparticles can be deposited on the surface of the nanotubes by 
slow hydrolysis of precursors such as WCl5 or TiCl4, respectively, where these 
nanoparticles increase the surface area and in turn increase the efficiency of DSSC. In 
another approach, nickel oxide nanoparticles can be deposited on the surface of the 
nanotubes by a slow precipitation reaction of Ni(OH)2 followed by heat treatment [175]. 
Similarly, TiO2 nanotubes can be dipped in a solution consisting of ferromagnetic Fe3O4 
nanoparticles with a permanent magnet placed under the nanotubes to fill up the 





be deposited on the surface of the nanotubes [176]–[178]. Silver can be deposited by 
reducing Ag
+
 to Ag by illuminating UV light. Similarly, metals can be deposited by a 
chemical reduction and/or by physical vapor deposition [177], [179]. Nanotubes filled 
with zeolites have also been demonstrated [180]. Efforts to attach monolayers onto the 
surface of nanotubes have also been made. Organic monolayers are deposited to change 
the surface’s water affinity, to make it biocompatible, to make it suitable for sensing 
applications and/or electron injection in the case of DSSC. For certain biomedical 
implant applications, bifunctional molecules such as (3-Aminopropyl)triethoxysilane  
[181] that have a terminal NH2 group are attached on the surface of the nanotubes. This 
allows attachment of organic compounds onto the nanotube. To modify the wettability of 
nanotubes (which are hydrophilic in nature) when treated with the appropriate monolayer, 
the monolayer will make the nanotubes hydrophobic [182]. In another approach, mixed 
monolayers of N-(3-triethoxysilyl) propylferrocenecarboxamide and perfluorotrieth-
oxysilane are used to change the surface wettability of the nanotubes [183]. 
 
2.8    Thin film TiO2 nanotubes  
Moore et al. first demonstrated the synthesis of TiO2 nanotubes from thin  
Ti film via electrochemical anodization [184]. In this demonstration, the films were 
deposited using radio frequency (RF) sputtering and the thermal evaporation technique. 
400 to 1000 nm thick Ti films were deposited on conductive glass. To improve the 
adhesion of the film to the substrate, the substrate was heated to 250 or 500 
o
C during the 
film deposition. It was found that due to the difference in the electric field in the metal-air 





solve the issue, a bilayer film was used in which a second layer at least 400 nm thicker 
was deposited on the already deposited film in regions where the film would not be 
subjected to anodization (not immersed in the electrolyte). Similarly, various groups have 
demonstrated synthesis of TiO2 nanotubes on substrates such as glass [185], Si [187] , 
188], quartz [161], and Kapton HN tape [189]. One of the interesting uses of using 
Kapton tape is that the substrate is flexible , further expanding the scope and application 
of TiO2 nanotubes. A list of reports on thin film based TiO2 nanotubes is presented in 
Table 2.6.  
 
2.9    Incorporating WO3 in TiO2 nanotubes  
TiO2 has a band gap of 3–3.4 eV limiting its absorption range to only the UV portion 
of the solar spectrum which forms about 3–6 % of the total solar spectrum. One of the 
methods to bring the absorption range to the visible range is to incorporate wide band 
gap, chemically stable, semiconducting materials such as WO3 in TiO2. WO3, which is in 
its oxidized state, is chemically stable in harsh enviroments. It also has a lower band gap 
of 2.6 eV, increasing the absorption spectrum to a portion of the visible spectrum. W is 
also a value metal like Ti and can be subjected to electrochemical anodization to form 
nano WO3 structures. By incorporating WO3 in TiO2, it can also be used for other 
applications such as gas sensors [190], electrochromic devices [191], conductimetric  
sensors [192], etc. Also, WO3 can be used in photocatalyic applications similar to the one 



















400-1000 Glass/ITO Acetic acid 
+ HF 
6 to 18 [184] 
e-beam  
evaporation 




5 to 60 [185] 
e-beam  
evaporation 
1000 Quartz HF 10 [161] 
e-beam  
evaporation 
500 Glass/ITO Acetic acid 










Sputtering 6000 Kapton HN NH4F + 
glycerol 
25 to 70 [189] 
 
 
Table 2.7:    List of reports on WO3 incorporated in TiO2 nanotubes 
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of Ti–W alloy 
9 None  [194] 
Emulsion electrospinning, 
thermal evaporation, and 
thermal annealing 
n/a Photocatalysis [195] 
Sol–gel chemical method 20 None  [196] 




0.05 Photocatalytic , PEC [197] 
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5.1    Abstract 
In this paper, we present the analysis of the properties of direct current (D.C.) 
magnetron sputtered Ti thin film that affect the morphology of TiO2 nanotubes 
synthesized by electrochemical anodization. A Si wafer with thermally grown silicon 
dioxide was used as the substrate for deposition of Ti films. By varying the properties of 
the sputtered film, morphology of the anodized film can be varied from tubular to 
nanoporous TiO2. Three sputtering parameters that affect the properties of the film were 
studied, which include sputtering power, process gas (argon) pressure, and substrate 
temperature. Anodization of these films was carried out at 30 V (D.C.) using an ethylene 
glycol based electrolyte. We show that the properties of thin films such as grain size and 
residual stress (biaxial) do not affect the morphology of the anodized film, and density 
alone influences the morphology of the anodized film. Most of the applications 
demonstrated by TiO2 nanotubes require annealing at high temperatures (350–800
o
C) for 
calcination. Low residual stress in the thin film is required to prevent delaminating of the 
nanotubes from the substrate when exposed to high temperatures. We demonstrate that by 
varying the sputtering parameters, Ti films with low stress can be deposited, which is 
required to have stable TiO2 nanotubes or nanoporous structure, based on the requirement 
of the application. 
 
5.2    Introduction 
In the recent decade, many applications such as sensors [1], [2], battery [3], [4], 
photocatalysis [5], photoelectrolysis [6], photovoltaics [6], [7], and capacitors [8], [9] 





these applications mainly have been demonstrated using T-NT synthesized from Ti foil.  
T-NT on foil limits the ability to integrate with the current high-precision 
microfabrication techniques to fabricate economical, sensitive, miniaturized, and low 
power T-NT-based devices, which is required for commercialization. One of the ways to 
approach this problem is by synthesis of T-NT from thin Ti films deposited on stable and 
planar substrates such as Si. Synthesis and characterization of T-NT from thin film on 
substrates such as glass [10], plastic [11], quartz [12], and silicon [13] have been  
previously demonstrated. Thin Ti film deposited by different techniques such as D.C. 
sputtering [14], radio frequency (RF) sputtering [15], thermal evaporation [15] , and e-
beam evaporation [16] have been used for synthesis of T-NT. However, very little work 
aimed at understanding the properties of these thin films that affect the morphology of the 
T-NT have been reported, and most of the work has mainly focused on understanding the 
growth mechanism of T-NT. Moreover, little work demonstrating applications such as 
solar cells [10], [11] and sensors [17], [18] has been reported using thin film based T-NT. 
Also, well-developed microfabrication processes such as photolithography were not used 
to fabricate these thin film T-NT-based devices, and hence, the advantages of 
microfabrication process such as miniaturization capability were not utilized, making 
them similar to T-NT synthesized on foil. In our previous work, we demonstrated 
integration of photolithography to achieve site-specific and patterned growth of T-NT on 
Si substrate with self-aligned electrodes establishing a platform for making miniaturized, 
highly sensitive , low power, and economical T-NT-based devices [16]. Some of the 
issues with thin films such as stiction, residual stress, and density of the film need to be 





integrated circuits for making miniaturized low power devices. To our knowledge , no 
detailed study to understand the role of properties of thin film that influences the 
morphology of the nanotubes has been reported in the literature.  
In this paper, we report a detailed analysis of deposition parameters of thin Ti film 
that affect the morphology of T-NT synthesized on Si substrate. A thin film was 
deposited on Si substrates via D.C. magnetron sputtering which is one of the commonly 
used thin film deposition techniques in the current semiconductor industry. By changing 
the sputtering parameters, the properties of the thin film change and are related to the 
morphology of the synthesized T-NT. We also demonstrate the synthesis of T-NT, semi-
T-NT and nanoporous TiO2 by simply varying the deposition parameters of the thin Ti 
film. Scanning electron microscopy (SEM) was used to study the morphology of the thin 
films before and after anodization. Laser interferometry was used to study the residual 
stress in the thin films. 
 
5.3    Experimental procedure 
5.3.1    Thin film deposition 
Clean n-type (100) Si wafer with resistivity of 1–5 Ω.cm and with RMS roughness of 
less than 1 nm were used as substrates to study the synthesis of T-NT from thin film. 
Wafers were subjected to wet thermal oxidation at 1000 
o
C to form ~ 100 nm of silicon 
dioxide. The SiO2 was grown to electrically isolate the T-NT from the substrate. The type 
of oxide (wet or dry) grown did not have any effect on the morphology of the T-NT. Ti 
films about 300–400 nm thick were then deposited on the wafer by D.C. magnetron 





down to pressures < 2 μTorr.  A Ti target of 99.97–99.98% purity purchased from Kurt J. 
Lesker was used for sputtering. Three sputtering parameters were varied to understand 
the relation between deposition parameters and the morphology of the anodized films. 
For the first set of runs, process gas (argon) pressure was varied from 2.5 to 7.5 mTorr, 
while the sputtering power was constant at 150 W, and the Si substrate was at ambient 
temperature. It should be noted that ambient temperature implies that the substrate was 
not externally heated, and the only heating that may have occurred was due to the 
sputtering process. During the second set of runs , the sputtering power was varied from 
25 W to 500 W, while the argon pressure was constant at 7 mTorr, and the Si substrate 
was at ambient temperature. In the third set of the runs, the substrate temperature was 
varied from 100 to 300 
o
C, while the argon pressure was constant at 5 mTorr and the 
sputtering power was constant at 150 W. After sputtering, the wafer was cooled down to 
ambient temperature in a vacuum to minimize the oxidation of sputtered Ti film. The 
range of the sputtering parameters was chosen based on the capability of the sputtering 
system. 
 
5.3.2    T-NT synthesis 
The sputtered Ti thin films were subjected to electrochemical anodization at ambient 
temperature using an organic electrolyte to form T-NT. The experimental set-up used was 
similar to our previous work [14], [16]. A Si wafer with Ti film was diced into 1 cm × 2 
cm sized pieces. The organic electrolyte consisted of ethylene glycol (89.5 wt%, from 
Fisher Scientific), DI water (10 wt%), and ammonium fluoride (0.5 wt%, from Fisher 





followed by rinsing in DI water. Polyamide tape was used to mask the non-Ti portion of 
the diced substrate to prevent any reaction between the electrolyte and the substrate. 
However, it was noticed that the absence of the polyamide tape did not affect the 
morphology of T-NT but only roughened the surface of the Si substrate in the regions 
without the SiO2. The gap between the electrodes was 2.5 cm during anodization. Only 
about 1 cm
2
 of the diced Ti/SiO2/Si substrate was subjected to anodization. Magnetic 
stirring was used to supply fresh electrolyte to the anodization site. A 2 cm long magnetic 
stirrer at 90 RPM was used to stir ~100 ml of the electrolyte. The anodization voltage 
was ramped up at the rate of 1 V.s
-1
. For all the runs, the anodization was carried out at 
30 V (D.C.). After anodization the tubes were again cleaned in acetone and isopropanol 
alcohol, followed by rinsing in DI water. The samples were then dried in air and used for 
characterization studies. 
 
5.3.3    Characterization 
Scanning electron microscopy (SEM) micrographs were collected using an FEI 
NanoNova SEM. These micrographs were used to characterize qualitative density and the 
structural morphology of the thin film before and after anodization. All the top view 
micrographs were obtained at magnification of 200 000x, and the side view micrographs 
were obtained at magnification of 250 000x and 60
o
 tilt. The residual stress of the Ti film 
was measured using laser interferometery (Tencor FLX-2320) by measuring the bow in 
the Si wafer before and after deposition of the Ti film. The average grain size of Ti film 






5.4    Results and discussions 
5.4.1    Summary of sputtering process mechanism 
The processes that occur during D.C. sputtering can be described and summarized as 
follows [22]. Sputtering equipment consists of a capacitively coupled plasma generating 
system [23]. The metal target (Ti in this case) forms the cathode and the substrate (Si) 
forms the anode of the electric circuit. The dielectric of the capacitor consists of a noble 
gas (nonnoble gases can be used for reactive sputtering). When a high electric field is 
applied, dielectric break down occurs resulting in plasma (argon plasma). The ionized gas 
ions (positive Ar ions in this case) are accelerated toward the target metal. Argon ions 
upon striking the target may penetrate the target (implant), eject secondary electrons, 
reflect off from the target, or knock off (sputter) Ti atoms and occasional clusters of 
atoms. The sputtered Ti atoms condense on the substrate to form a thin film. As the Ti 
atoms approach the substrate, they undergo gas phase scattering with the ionized as well 
as the unionized Ar atoms resulting in a loss of energy. Ar ion implantation causes the 
target to heat up which radiatively and conventionally heats the substrate. The ejected 
secondary electrons along with the electrons produced due to ionization of the gas are 
accelerated toward the substrate which may further condense the film or sputter the 
already formed film, which is called the “atomic peening” effect [24], [25]. Atomic 
peening also contributes to the increase in the substrate temperature. Upon reaching the 
surface the gas phase Ti atoms form nucleation sites. These nuclei further attract gas 
phase Ti adatoms to form larger Ti chunks (islands). If the energy of the adatoms arriving 
on the substrate is sufficient enough, then these islands will merge together due to surface 





the influence of the sputtering process, is described in detail using the Thornton model 
[26], [27].  
 
5.4.2    Effect of gas pressure 
Fig. 5.1 shows the SEM micrographs of the thin Ti film before and after anodization 
for the first set of sputtering experiments. The first set of runs implies that the films were 
sputtered at different argon pressure while the sputtered power was constant at 150 W 
and the substrate was at ambient temperature. The sputtering power 150 W was chosen as 
it is among the commonly used sputtering power, for studying thin film properties [28], 
[29]. Fig. 5.1 (a-1), (b-1), and (c-1) shows the top view SEM micrographs of the Ti film 
(before anodization) sputtered at 2.5 mTorr, 5 mTorr and 7.5 mTorr argon pressure, 
respectively. It can be observed that with the increase in the argon pressure, the average 
grain size increases (see Table 5.1 for values). Similar observations have been reported 
where the grain size of the sputtered film increases with increases in argon pressure [30]. 
With an increase in argon pressure there is more Ti gas phase scattering, resulting in 
higher energy loss along with lower surface diffusion to form larger grains. Fig. 5.1 (a-2), 
(b-2), and (c-2) shows the crosssectional SEM micrographs of the Ti film before 
anodization for the first set of runs. From the side view it can be observed that the film 
has a vertical column-like structure. This is because of the loss of adatom energy along 
with increased scattering (with pressure), where the adatoms adhere prominently to the 
initially formed islands. Also, there is an increase in the deviation of the adatoms  from a 
perpendicular (to the substrate) trajectory due to the adatoms arriving in a scattered 






Figure 5.1:   SEM micrographs of Ti sputtered on Si wafer before and after 
anodization for the first set of runs. The substrate was at ambient temperature and the 
sputter power was 150W while the argon pressure was varied from 2.5 mTorr to 7.5 
mTorr. (a-1), (a-2), (a-3) and (a-4) show the top view (before anodization), side view 
(before anodization), top view (after anodization), and side view (after anodization) 
sputtered at 2.5 mTorr, respectively. Similarly, (b) and (c) show the top and side views 







































150 2.5 Ambient 340 58 200 T-NT 
150 5 Ambient 310 65 170 Semi-T-NT 
150 7.5 Ambient 310 72 140 Semi-T-NT 
25 7 Ambient 335 62 80 Nanoporous 
300 7 Ambient 340 70 120 Semi-T-NT 
500 7 Ambient 310 80 140 T-NT 
150 5 100 380 72 20 Semi-T-NT 
150 5 200 380 75 90 T-NT 






the column-like structure increases with argon pressure. From the side view, the grain  
size of the film is not clearly visible, which may be due to the method used for SEM 
sample preparation. However, from the side view, it can also be observed that the defects 
present in thin film due to polycrystalline grains are relatively more pronounced in the 
upper portion of the thin film. This is because the grains at the bottom become more 
condensed than the grains in the upper portion of the film since the lower portion of the 
film undergoes a longer (timewise) peening effect. Secondary electrons push around the 
already deposited Ti atoms compared to the upper portion resulting in  reduction of the 
pronounced grains/defects. Also from the side view, qualitatively, it can be observed that 
the density of the thin film decreases with increase in the argon pressure (see Table  5.1 
for relative density). This is also due to increased gas phase scattering, decreased adatom 
energy for surface diffusion, and increased self-shadowing effect along with decreased 
peening effect. A similar change in the density of thin films with gas pressure is 
described by the Thornton model [26]. From the top view SEM micrographs, it can be 
observed that the gap/defects between the Ti grains increases with increase in gas 
pressure, affirming the decline in density of the films.  
From the laser interferometery, it is observed that with the increase in the argon 
pressure, the residual stress (biaxial stress) in the film reduces (see Table 5.1 for values). 
The biaxial residual stress was measured by measuring the bow in the Si substrate before 
and after depositing the thin Ti films. Residual stress in thin films can be mainly 
classified as intrinsic and extrinsic stress [31], [32]. Extrinsic stress is mainly due to the 
difference in the thermal properties between the substrate and the material deposited by 





microcracks and microdefects in the film. Since for the first set of runs, the sputtering 
power, and the substrate temperature were the same (any change in temperature due to 
sputtering would also be the same since the sputtering power was constant), and the 
depositions were carried out in a clean environment, the difference in the effect of 
extrinsic stress can be considered to be the same for all the sputtering runs carried out at 
different argon pressures. For PVD (physical vapor depos ition) based deposition such as 
sputtering, the intrinsic stress in the film can be described using the grain boundary 
model (GMD) [33]. In this model, the film consists of Ti grains with different crystal 
orientation that share boundaries, and these grains attract each other due to interatomic 
forces resulting in stretching of the grains, which results in tensile stress. With the 
increase in the number of grains (for the same thickness of the film), the number of 
interatomic forces is higher, resulting in larger tensile residual stress. Therefore, as the 
argon pressure decreases, the number of grains increases causing the residual stress of the 
film to increase. Also, as the residual stress increases, the grains are much closer due to 
the interatomic forces, resulting in a denser film.  
A detailed mechanism for synthesis of T-NT by electrochemical anodization can be 
found in the literature [34]–[36]. In short, the mechanism for tube formation can be 
summarized as cyclic oxidation of Ti and selective etching of TiO2 by the electrolyte in 
the presence of an electric field. Fig. 5.1 (a-3), (b-3), (c-3) and Fig. 5.1 (a-4), (b-4), (c-4) 
shows the top view and the side view of the film after anodization. From the top view, it 
is observed that the tubes have a nanoporous layer and do not have tubular morphology 
all along the thickness of the anodized film. This may be due to the native TiO2 (formed 





the sputtered film as reported in our previous work on synthesis of T-NT from the thin Ti 
films [14], [16]. The initial T-NT formation begins at the grain boundaries where the 
electric field is the highest. After etching through the grain boundaries, pits are formed 
and the direction of the tube-growth/electric-field-assisted etching is defined. From the 
side view, it can be observed that the film sputtered at 2.5 mTorr argon pressure (Fig. 5.1 
(a-4)) forms a tubular structure. At the 5 mTorr and 7.5 mTorr, it is observed that the 
anodized films have partial tubular morphology, resulting in semi-T-NT. Also, it can be 
observed that the tubular morphology relatively decreased with the increase in the argon 
pressure. Further, the T-NTs formed are interconnected by thin membranes, which are 
attributed to the water content in the electrolyte [37]. The difference in the morphology of 
the anodized film may be due to the difference in the density, residual stress, grain size , 
and/or defects in the film.  
 
5.4.3    Effect of sputtering power 
Fig. 5.2 shows the SEM micrographs of the sputtered Ti film before and after 
anodization for the second set of sputtering experiments. The second set of runs implies 
that the sputtering power was varied from 25–500 W while the substrate was at ambient 
temperature and the argon pressure was constant at 7 mTorr. From the first set of runs, it 
was observed that at argon pressures of 5 mTorr and greater, semi-T-NT was formed. 
Hence, 7 mTorr was chosen to see if T-NT can be formed by varying the sputtering 
power. Fig. 5.2 (a-1), (b-1), (c-1) shows the top view and Fig. 5.2 (a-2), (b-2) shows the 
side view of the Ti film (before anodization) sputtered at 25 W, 300 W, and 500 W, 






Figure 5.2:   SEM micrographs of Ti sputtered on Si wafer before and after 
anodization for the second set of runs. The substrate was at ambient temperature and 
the argon pressure was constant at 7mTorr while sputtering power was varied from 25 
W to 500 W. (a-1), (a-2), (a-3), and (a-4) show the top view (before anodization), side 
view (before anodization), top view (after anodization), and side view (after 
anodization) sputtered at 25 W, respectively. (b) and (c) show the top and side views 





chosen since the first set of runs was sputtered at 150 W. Since the film was sputtered at 
the same Ar pressure, the gas phase scattering is considered to be the same. From the top 
view, it can be observed that with increase in the sputtering power, the grain size of the 
polycrystalline film increases (see Table 5.1 for values). This is because with the increase 
in the sputtering power, the energy with which ionized argon ions bombard the Ti target 
is higher, increasing the flux of the Ti atoms arriving at the surface of the substrate 
forming larger grains [38], [39]. From the side view, it can be observed (qualitatively) 
that with an increase in sputtering power the density of the films increases (see Table 5.1 
for relative density). This is because with the increase in power, the energy of the gas 
phase Ti atoms increases resulting in higher surface diffusion, higher atomic peening , and 
a lower self-shadowing effect (there is less deviation from the perpendicular trajectory). 
Also, the Ar implantation is increased providing additional thermal energy for surface 
diffusion to form more dense and condensed film [26]. Similar observation of vertical 
column-like structures can also be noticed. However, the column-like structure reduces 
(eventually disappears) with the increase in power due to similar processes such as 
increased atomic peening and higher surface diffusion, which increase the density of the 
film. Also, similar observations of more numbers of defects in the upper portion (across 
the thickness) compared to the lower portion can be seen which may attributed to the 
atomic peening effect. It is observed that with an increase in sputtering power, the 
residual tensile stress in the film increases. This is because when sputtered at low power, 
though the grain size is smaller, there is lower densification of the film, resulting in films 
with more defects/gaps between grains. With the increase in defects/gaps in the film, the 





grains, resulting in lower residual stress. With an increase in the sputtering power, there 
is an increase in the heating of the substrate from the target caused by Ar implantation in 
the Ti target, resulting in extrinsic stress. Also due to better densification of the film with 
an increase in power, the gap between the grains reduces sufficiently enough to 
cause/increase the interatomic forces resulting in the increase of tensile residual stress. 
Fig. 5.2 (a-3), (b-3), (c-3) shows the top view and Fig. 5.2 (a-4), (b-4), (c-4) shows the 
side view of the Ti film (after anodization) sputtered at 25 W, 300 W, and 500 W , 
respectively. From the top view, a nanoporous layer is present, similar to the observation 
made for the first set of runs. From the side view (Fig. 5.2 (a-4)) is it observed that at low 
sputtering power the anodized film has a nanoporous layer across the entire thickness of 
the sputtered film. At 300 W sputtering power (Fig. 5.2 (b-4)) it can be observed that 
semi-T-NT is formed. At 500 W sputtering (Fig. 5.2 (c-4)) it can be seen that the 
anodized film form very tubular T-NT. Comparing the results from the first set of runs, it 
was observed that films with smaller grain sizes resulted in tubular morphology upon 
anodization. However, in this set of runs, T-NT were formed from a film with a larger 
grain size. Therefore, it may be concluded that the grain size does not affect the 
morphology of the T-NT. However, the morphology of the top nanoporous layer is 
influenced by the grain size/surface roughness of the film. Similar influences of surface 
morphology on the T-NT surface have been reported [40], [41]. On comparing the first 
and second set of experimental runs, it seemed that the higher density and higher residual 







5.4.4    Effect of substrate temperature 
Fig. 5.3 shows the SEM micrographs of the sputtered Ti film before and after 
anodization for the third set of sputtering runs. The third set of runs implies that the 
substrate temperature was varied from 100 to 300 
o
C while the sputtering power was 
maintained constant at 150 W, and the argon pressure was constant at 5 mTorr. Fig. 5.3 
(a-1), (b-1), (c-1) shows the top view and Fig. 5.3 (a-2), (b-2), (c-2) shows the side view 




C, and 300 
o
C, respectively. From the top view, it can be seen that there is an increase in 
grain size with the increase in substrate temperature (Table 5.1). Similar observations 
have been reported where the grain size of the sputtered film increases with increases in 
substrate temperature [29]. However, with an increase in temperature of the substrate 
during sputtering, the defect/gap between the grains is reduced, resulting in denser film. 
This is because when the temperature of the substrate is increased, the grains on the 
substrate undergo surface diffusion, resulting in more uniform and denser film [26]. 
Similar changes in the density of the film with substrate temperature are described in the 
Thornton model [26] (see Table 5.1 for relative density). The energy for diffusion is 
provided in the form of heat from the substrate. Ti particles upon reaching the substrate 
move around and reorient themselves to reach the most stable orientation. However, 
certain vertical column-like structures can be found when the substrate temperature is 200 
o
C or less. At 300 
o
C, no noticeable column-like structure can be observed. Also, a 
greater  number of defects in the upper portion (across the thickness) compared to the 
lower portion of the film are observed when the substrate temperature is 200 
o
C or less. 
This is because when the temperature is 200 
o






Figure 5.3:   SEM micrographs of Ti sputtered on Si wafer before and after 
anodization for the third set of runs. The argon pressure was constant at 5 mTorr, and 
the sputtering power was constant at 150 W, while the substrate temperature was 
varied from 100 to 300 
o
C. (a-1), (a-2), (a-3), and (a-4) show the top view (before 
anodization), side view (before anodization), top view (after anodization), and side 
view (after anodization) sputtered at 100 
o
C, respectively. Similarly, (b) and (c) show 
the top and side views of the films sputtered at 200 
o
C and 300 
o






the Ti particles to diffuse and completely reduce to a columnar-like structure, which 
forms due to the combination of gas phase scattering and self-shadowing effect. A 
minimum temperature of 250 
o
C is required for reorientation of Ti metal atoms [42]. It is 
observed that there is some relatively higher degree of diffusion occurring when 
compared to the film sputtered at ambient temperature , resulting in a denser film with a 
reduced number of defects (for the same sputtering power). With the substrate at higher 
temperature than room temperature, the difference in the thermal properties (expansion 
co-efficient) between the substrate and the thin film influences the residual stress. It 
should be noted that there is a nonlinear relationship between residual stress and substrate 
temperature. The parameters that affect the stress are the difference in thermal expansion 
between the substrate and the material deposited, as well as the diffusion/recrystallization 
property of the material. When sputtered at 100 
o
C the biaxial stress was ~ +20 MPa 
which constitutes a low stress film. At this temperature, there may be very little 
diffusion/reorientation of the Ti grains and the stress is mainly influenced by the 
difference in the thermal expansion co-efficient. When sputtered at 200 
o
C, there is some 
reorientation/diffusion occurring along with an increased difference in thermal expansion, 
which causes the stress to increase in the film. When sputtered at 300 
o
C, there is 
sufficient diffusion/reorientation occurring, which dominates the increased difference in 
thermal expansion, causing the stress to be lower than when sputtered at 200 
o
C but still 
higher than 100 
o
C. Fig. 5.3 (a-3), (b-3), (c-3) shows the top view and Fig. 5.3 (a-4), (b-
4), (c-4) shows the side view of the Ti film after anodization of the sputtered film with 




C, and 300 
o
C, respectively. From the top view, a 





view, it can be seen that when sputtered at 100 
o
C (Fig. 5.3 (a-3)) semi-T-NT is formed. 
At 200 
o
C and 300 
o
C T-NT is formed. Also, the tubularity relatively increases with 
increases in substrate temperature. At 300 
o
C, the T-NT formed contains interconnecting 
membranes with reduced length as well as thickness (Fig. 5.3 (c-4)). Also, a relatively 
long time (up to 12 hours) is required to cool the wafers to ambient temperature in a 
vacuum along with the higher energy budget required for heating the substrates and pump 
down, making this process (third run) less desirable.  
 
5.4.5    Comparison of the three sputtering runs  
Table 5.1 summarizes the characterized properties of the thin film. It can be seen that 
the grain size does not influence the tubularity of the anodized f ilm. For example, by 
comparing two films, one sputtered at 150 W, 2.5 mTorr argon pressure and ambient 
substrate temperature resulted in average grain sizes of ~60 nm, and anodization of this 
film resulted in tubular morphology. In the other case, where the film was sputtered at 
500 W, 7 mTorr argon power and ambient substrate temperatures resulted in average 
grain sizes of ~80 nm, and also had tubular T-NT morphology upon anodization. From 
the first set of runs, it was observed that with the increase in the average grain size, the 
tubularity decreased, and this trend is not consistent when comparing with the grain size 
and morphology of the titiania formed for the second set of runs. A similar trend of 
biaxial residual stress having no effect on the morphology of the tubes can also be made. 
When comparing two samples, one sputtered at 150 W, 2.5 mTorr and ambient substrate 
temperature (340 nm film), and the other sputtered at 150 W, 5 mTorr and substrate at 
200 
o





However, both of the thin films after anodization resulted in a similar tubular 
morphology, showing that the residual stress does not have any significant influence on 
the resulting morphology of the anodized film. When comparing the qualitative density 
of the thin sputtered films, it can be observed that the morphology changes mainly with 
respect to density. Thin film deposited by sputtering forms a gas phase of metal that is 
physically deposited on the substrate. When deposition parameters such as sputtering 
power, argon pressure, and substrate temperature are changed, the gaps/defects in the 
film, change resulting in different film densities. When the density is low, the number of 
gaps/defects is high. The electric field, which determines the direction of T-NT growth, is 
highest initially at the wells in the defects; subsequently, pit formation becomes more 
concentrated at these wells. However, when a low density film is subjected to 
anodization, the defects may be comparable to the pits formed by anodization or 
sufficient enough to disturb/shift the concentration of the electric field in a random 
manner. As the direction of the electric field changes, the direction in which the electric-
field assisted etching also may change resulting in nanoporous structures instead of 
tubular morphology. Hence, with the decrease in density, the number of defects increases. 
This may be causing an increase in the directional shifts of the electric field, which 
changes the anodized film to vary in morphology from tubular to semitubular to 
nanoporours film. 
 
5.5    Conclusions 
Tubular TiO2 arrays to nanoporous TiO2 were successfully synthesized on Si wafers 





argon pressure, sputtering power, and substrate temperature were varied and found to 
influence the morphology of the anodized film. It was observed that factors such as grain 
size and residual stress of the thin film do not affect the morphology of the anodized film. 
The main factor affecting the morphology is the density of the film, rather. All the 
anodized films contained a nanoporous layer, which may be due to the presence of native 
titania and/or pronounced surface grains. When comparing different sputter deposition 
parameters, it can be concluded that higher sputtering power, lower gas pressure, and 
higher substrate temperatures, yield thin films with higher densities which are required 
for synthesizing tubular TiO2. When sputtered at lower power, lower substrate 
temperatures, and higher gas pressure, the deposited films have lower density, which 
results in fully nanoporous TiO2 after anodization. However, with an increase in the gas 
pressure and sputtering power, the residual stress increases. This may result in unstable 
T-NT that may peel off easily from the substrate when subjected to high temperature 
calcinations (which is required for most of the T-NT-based applications). Also, sputter 
deposition of Ti at higher substrate temperatures is not economical due to the long pump 
down time of the sputtering chamber and heating budget. Therefore, based on the type of 
T-NT required, and/or based on the stability of the T-NT required, and/or cost 
effectiveness of the T-NT, appropriate sputtering parameters should be adopted. When 
combining the use of well-established semiconductor fabrication techniques used within 
industry and better understanding of the deposition parameters that affect the morphology 
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6.1    Abstract 
TiO2–WO3-based systems for improved photoelectrochemical (PEC) activity have 
been widely researched. The novelty of this work is the synthesis of a TiO2–WO3 
composite nanotube structure. The PEC tests demonstrate improved performance in water 
splitting application. Electrochemical anodization of Ti–W nanocomposite thin films 
deposited by simultaneous magnetron sputtering on Si substrate resulted in the formation 
of TiO2–WO3 nanotubular arrays. A change in the morphology of TiO2–WO3 composite 
nanotubes by varying the density of W in Ti–W composite thin films was observed. With 
tungsten density of less than or equal to 5.25 x 10
18
 of W atoms per cm
3
, the morphology 
of the composite nanotubes were similar to that of plain TiO2 nanotubes, whereas a 
further increase in W density resulted in a nanoporous morphology. Ti–W composite thin 
films were deposited by simultaneous sputtering of Ti and W targets using D.C. and RF 
sputtering systems, respectively. Ti–W composite films were also deposited on Si 
substrates with 100 nm thick layer tin doped indium oxide (ITO) to examine the 
photoelectrochemical activity of the formed oxide composites. The TiO2–WO3 composite 
nanotubes with 1.05 x 10
19
 WO3 molecules per cm
3
 proved to be optimal WO3 density for 
this system, giving rise to a 40% increase in photocurrent at 0.5 V compared to plain 
TiO2 nanotubes. The nanotubes were subjected to calcination at temperatures from 250–
550
o
C for 2 hours in ambient atmosphere. The effect of nanotube length on 








6.2    Introduction 
With the diminishing of fossil fuels, a lot of research is being done in generating 
alternative renewable fuels such as hydrogen [1], [2], biodiesel [3], [4], and solar cells 
[5]. Fossil fuels upon combustion emits CO2 and CO, resulting in global warming [6]. 
Hence, there is more interest in generating zero-emission fuels such as hydrogen [7]. In 
addition, hydrogen is used as coolants in turbine generators [8], for production of 
ammonia [9], for recrystallization amorphous silicon [10], etc. Hydrogen is produced 
from various sources such as fossil fuels [11] and water [12]. Production of hydrogen 
from fossil fuel adds to the issue of global warming. Hence, a lot of work has been 
focused on production of hydrogen using cleaner methods such as photoelectrochemical 
water splitting [12–14] and photobiological water splitting [15]. Photoelectrochemical 
water splitting has been demonstrated via various photo active materials such as TiO2 
[12], [16], [17], Fe2O3 [18], WO3 [19], GaPN [20], and GaAsPN [20]. TiO2 has caught a 
lot of interest in the last decade when the ability to synthesis TiO2 nanotubes (T-NT) 
from the Ti metal via electrochemical anodization was reported by Zwillings et al. [21], 
[22]. In addition, TiO2 is a photocorrosion resistant, nontoxic, and environmentally 
friendly material, making it suitable for hydrogen generation via water splitting. In order 
to enhance the efficiency of the T-NT-based PEC cells, various approaches have been 
made to modify the electrical and optical properties. TiO2 doped with carbon [23], 
niobium [17], nitrogen [24], sulphur [25], chromium [26], [27], antimony [26], nickel 
[27], and zinc [27] have been shown to have improved photocatalytic activity. Other 
approaches such as light assisted T-NT synthesis [28], and flame annealing of T-NT [29] 





TiO2 [30], TiO2–WO3 [31], [32] and carbon nanotube/TiO2 [33] have also been shown to 
have enhanced water splitting capabilities. However, these materials are not 
homogeneous composite and are materials deposited on the surface of the TiO2 
nanomaterials.  
In this paper, we report the synthesis of TiO2–WO3 composite nanotubes (TW–NT) 
from thin films on the Si substrates for improving the photocatalytic activity. The 
nanotubes were synthesized by anodizing Ti–W composite film deposited by 
simultaneous sputtering of Ti and W targets on the silicon substrate. This method is 
economical, easy, and is similar to the one synthesised on foil. The composite nanotube is 
demonstrated to have a 40% increase in water splitting photocurrent in comparison to 
plain T-NT. Also, this method can be used for synthesis of any valve metal oxide/TiO2-
based composite nanotubes. 
 
6.3    Experimental procedure 
6.3.1    Thin film deposition 
Clean n-type (100) Si wafer with resistivity of 1–5 Ωcm and RMS roughness of less 
than 1 nm were used as substrates for synthesizing the composite nanotubes. The wafers 
were subjected to wet thermal oxidation at 1 000 °C to form ~100 nm thick layer of SiO2.  
W was simultaneously deposited via RF magnetron sputtering to form a composite Ti–W 
film. An RF sputtering system was utilized for depositing W since the sputter rate of RF 
sputtering systems are slower compared to DC sputtering systems, providing a better 
control on the low percentage of W. Ti and W targets of 99.2–99.7% purity purchased 





mTorr Ar pressure. Ti was sputtered at 200 W while Tungsten was sputtered from 15–
100 W to vary the Ti–W composition ratio. Below 15 W, the plasma would not ignite to 
sputter tungsten.  About 100 nm ITO was deposited (100 W D.C. power, 2.5 mTorr argon 
pressure) as electrodes before depositing Ti–W film in the case of thin films used for 
PEC water splitting studies. For comparison of the PEC activity, plain Ti thin films (200 
W D.C. power, 2.5 mTorr argon pressure) on Si substrate with no tungsten were also 
deposited on ITO/Si substrates. After sputtering, the wafer was cooled down to ambient 
temperature in a vacuum to minimize the oxidation of sputtered Ti–W films. 
 
6.3.2     Nanotube synthesis  
The Ti and Ti–W thin films were subjected to electrochemical anodization at ambient 
temperature using an organic electrolyte to form T-NT and TW-NT, respectively. The 
experimental set up used was similar to the set up used in our previous work [34], [35]. Si 
wafer with Ti–W or Ti film was diced into 1 cm × 2 cm sized pieces. The organic 
electrolyte consisted of ethylene glycol (89.5 wt%, from Fisher Scientific), DI water (10 
wt%), and ammonium fluoride (0.5 wt%, from Fisher Scientific) [36], [37]. The Ti film 
was cleaned with acetone and isopropanol alcohol followed by rinsing in DI water. The 
Ti film was connected to the positive terminal of the voltage source to form the anode. A 
platinum foil with 1 cm
2
 area was connected to the negative terminal of the voltage 
source as the cathode. Polyamide tape was used to mask the non-Ti portion of the diced 
substrate to prevent any reaction between the electrolyte and the substrate. The gap 
between the electrodes was 2.5 cm. Only about 1 cm
2
 of the diced Ti–W/SiO2/Si 





of electrolyte. The anodization voltage was ramped up at the rate of 1 V.s
-1
. The 
anodization was carried out at 30 V (D.C.) and maintained until the current dropped to 
zero. After anodization, the tubes were thoroughly rinsed in DI water. The samples were 
then dried in air and used for characterization studies. In case of samples used for PEC 
testing, ammonium hydroxide (30% concentration) and hydrogen peroxide (30% 
concentration) at a ratio (volume) of 1:2 were used to etch a portion of Ti–W film in the 
diced samples, exposing the underlying ITO film which was then connected to the 
positive terminal of the voltage source before being subjected to anodization. These 
samples were anodized at 20 V (D.C.) and were used for PEC cells. The anodized films 
used for PEC were subjected to calcination in stagnant air from 250–550 oC for 2 hours. 
 
6.3.3    Characterization and testing 
Scanning electron microscopy (SEM) micrographs from FEI NanoNova SEM were 
used to study the change in the structural morphology of the anodized thin film with 
change in W density in Ti–W composite film. All the top view micrographs were 
obtained at 200 000x magnification, and the side view micrographs were obtained at 250 
000x magnification and 60
o
 tilt. X-ray diffraction was used for identification and 
determination of the crystalline phases of the nanotubes using a Rigaku Miniflex XRD 





reflectance UV-vis spectroscopy was used to characterize the band gap of the T-NT and 
TW-NT using a Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. Agilent 7500ce 
inductively coupled plasma mass spectrometer (ICP-MS) with quadrupole mass 





interferences was used to analyze the atomic ratio of the tungsten and Ti before and after 
anodization. A 193 nm fluorine-neon laser ablation was used to generate the aerosol of 
the Ti–W films. The laser was scanned at 40 µm/s at 3 pulses/s to limit the volume 
interaction of the laser to about 500 nm in depth. The W and Ti composition ratios were 
determined by comparing the counts per second with a standard sample (NIST 610 glass) 
with elements of known concentration. Kratos Axis Ultra DLD x-ray photoelectron 
spectrometer (XPS) was used to analyze the oxidation state of Ti–W anodized film. The 
photoelectrochemical activity of the composite anodes was examined under 1.5 AM 
irradiation with a Newport Solar Simulator (300 W Mercury lamp) in 0.5 M Na2SO4 (pH 
~6.8). The photocurrent was monitored using PARSTAT 4 000 potentiostat where the 
composite films served as the photoanode, a platinum mesh as the cathode, and Ag/AgCl 
as the reference electrode. 
 
6.4    Results and discussions 
6.4.1    Synthesis of TiO2–WO3 composite nanotubes 
Fig. 6.1 shows the schematic set up used for depositing Ti–W films. The W 
deposition ranged from 5.25 x 10
18
 to 2.1 x 10
19
 atoms per cm
3
 of Ti–W composite films. 
The composition ratio was determined using ICP MS. The equation used for calculating 
the atomic ratio is as follows [38].  





















                                                       (1) 
where     c      is concentration  
















Figure 6.1:   Schematic showing the experimental set up used for depositing W–Ti 
film and synthesis of the TiO2–WO3 composite nanotube. (a) Shows the process step 
used for synthesis of the TiO2–WO3 composite nanotube. (b) Shows the experimenta l 
set up used for deposition of Ti–W composite thin film achieved by simultaneously 
sputtering Ti (using D.C. magnetron sputtering system) and W (using RF magnetron 






IS     is element used as internal standard  
 I       is intensity (in counts per second cps)  
 sm    sample  
 std    standard (NIST 610 glass) 
The standard glass sample consisted of 443 ppm of Ti, 440 ppm of In, 122 ppm of W, 
and 69.9 atomic % SiO2. 
Table 6.1 shows the sputtering parameters used for depositing the composite film and 
the atomic ratio before and after anodization of the film. Fig. 6.2 shows the SEM 
micrographs of the top and side views of Ti–W films after anodization. From Fig. 6.2 (a) 
and (b) it can be observed that the anodized film has a tubular morphology similar to T-
NT synthesized from thin Ti film. SEM micrographs are presented in Fig. 6.3 (c) for 
comparison. Increasing the W loading up to 1.2 x 10
19
 W atoms per cm
3
 in Ti–W film, 
resulted in a semitubular morphology. With a further increase in W loading the 
morphology of the anodized film results in a nanoporous type morphology as observed 
by Fig. 6.2 (e)-(h). The transition of a nanotubular morphology to a more nanoporous 
morphology with an increase in W loading is due to the difference in the electrochemical 
etch rate of Ti and W. Fluoride ions in the electrolyte electrochemically etch W at a 
slower rate compared to Ti [39], [40]. Due to the difference in etch rate there is more 
etching of Ti and hence more of W remains in the anodized film. With the increase in W 
density in the Ti–W composite film, the morphology of the nanotube is more 
influenced/pronounced by the unetched W. When the atomic density of tungsten is less 
than 5.25 x 10
18
 atoms per cm
3
, the influence of the W is minimal on the morphology of 





















Table 6.1:   Sputtering parameters used for depositing the Ti–W composite film and the 

























200 50 2.5 1.2 x 10
19
 4 x 10
19
 
200 75 2.5 1.6 x 10
19
 5.34 x 10
19
 
200 100 2.5 2.1 x 10
19










Figure 6.2:    SEM micrographs showing the change is the morphology of anodized Ti 
–W film with the change in the W density. (a), (c), (e), and (g) show the top view of 
anodized film in which the W density is ranged from 5.25 x 10
18





 of Ti–W composite film. (b), (d), (f), and (h) show the side view of 
anodized film in which the W density is ranged from 5.25 x 10
18





 of Ti–W composite film. With an increase in W de nsity, the morphology 














Figure 6.3:    SEM micrographs as supporting data for PEC tests. (a) SEM 
micrographs of TiO2–WO2 nanotubes after laser ablation. It shows the nonuniform 
interaction of the laser with the sample. (b) shows the top view of SEM micrographs 
of the composite nanotubes after used for water splitting for 1 hour. (c) shows the side 





present to mask the nontubularity caused by W in the anodized film. Also, various reports 
have shown that with the anodization of W, the resulting morphology is porous and not 
tubular WO3 [41]–[43]. The nontubularity is attributed to the difference in stress from the 
formation of WO3 and solubility of W by the electrolyte [44]. Fig. 6.4 shows the ICP-
mass spectrometry of Ti–W film before and after anodization (Ti-200W, tungsten-15W 
sample) and is compared with a standard sample (NIST 610 glass) with a known 
concentration of W, Ti, and In. The counts/s of the Ti–W sample were compared with the 
standard sample along with their sensitivity factor to determine the atomic ratio. The Ti–
W atomic ratio varied from 20 000:1 before anodization to 6 000:1 after anodization. 
SEM micrographs of the T-NT sample after laser ablation are shown in Fig. 6.3 (a). 
During the ICP-MS measurements, the laser did not interact with the silicon dioxide 
substrate during generation of the aerosol, and hence no Si was detected. The indium 
detected was from the ITO deposited for the electrical connections. From the change in 
the concentration ratio, it can be concluded that the electrolyte etches Ti at a relatively 
faster rate compared to W and hence results in nontubular morphology with the increase 
in W atomic ratio. Hence, the presence of W (above 5.25 x 10
18
 atoms per cm
3
) in the Ti–
W films inhibits the anodized film from attaining tubular morphology similar to the 
morphology of plain Ti anodized film. Fig. 6.5 shows the XPS Ti–W film annealed at 
350 
o
C. Using the peak position of physisorbed carbon as the correction factor, the 
binding energy peak of Ti 2p1/2 and 2p3/2 was found to be at about 464.3 and 458.9 eV, 
suggesting that the Ti is predominately at a Ti
4+
 oxidation state [45]. The oxidation state 
of tungsten could not be determined accurately because the 3p peak of Ti overlaps with 







Figure 6.4:   Inductively coupled plasma mass spectrometry (ICP-MS) of Ti–W 
composite film for calculating the Ti–W ratio. The Ti–W atomic ratio changed from 
20 000:1 before anodization to 6 000:1 after anodization showing the difference in 
electrochemical etching of Ti and W. (a) ICP-MS of Ti–W composite film before 
anodization. (b)  ICP-MS of Ti–W composite film after anodization. (c) ICP-MS of a 


















Figure 6.5:   XPS of Ti–W anodized film. (a) Using the peak position of 
physiabsorbed carbon as the correction factor, the binding energy peak of Ti 2p3/2 was 
found to be at about 458.9 eV implying that the Ti has Ti
4+
 oxidation state. (b) 
Similarly, the binding energy peak W 4f5/2 and 4f7/2 was found to be at about 37.3 and 
35.3 eV, respectively, implying that the tungsten has W
6+





 the XPS spectrum. However, there was a considerable amount of nonlinearity observed 
in the overlapped peak showing the presence of a trace amount of W. Fig. 6.5 (b) shows 
the XPS spectrum of Ti 3p and W 4f overlapping peaks. The binding energy peaks of W 
4f5/2 and 4f7/2 were found to be at about 37.3 and 35.3 eV, respectively, implying that the 
tungsten is predominately in the W
6+
 oxidation state. Using the XPS fit, the atomic 
percentage of W was found to be 1.6 atomic % which is significantly larger compared to 
ICP-MS results. Since XPS elemental probing depth is about 1–10 nm (depending on the 
sample), it only provides an elemental surficial composition. An important point to be 
noted is that the composite films were deposited using two sputtering systems. The 
thickness of the film was controlled by controlling the sputtering time. The process of 
stopping the sputtering process was done manually (using shutters controlled by 
switches), and there is a human error factor involved in accurately stopping both 
sputtering processes at the same time. This slight difference in stopping the sputtering 
process can have a significant difference in atomic percentages especia lly when probing 
depths ranging from 1–10 nm. Hence, the XPS technique is not an accurate tool to 
determine the atomic percentage for our case and is therefore only used for determining 
the oxidation states. Hence, a technique like ICP-MS was used to determine the Ti–W 
ratio which has larger depth probing capability. Also after anodization, the WO3 
percentages may be significantly different on the top portion of the nanotubes in 
comparison to the entire length of the nanotubes. In addition, from the literature, it has 
been reported that when W is calcinated at similar temperatures and environments, the 
oxidation state of W was been shown to be W
6+
, confirming the oxidation state of W [47, 





observed; it is due to the influence of the native TiO2 and WO3 formed by exposure to the 
atmosphere as well as the presence of pronounced surface grains [34], [35]. Also, a 
significant influence on the morphology of the surficial nanoporous layer of the anodized  
films with the increase in W loading can be observed. 
 
6.4.2    Water splitting using TiO2–WO3 composite nanotube 
From experimental runs, it was found that the optimum density of W is about 1.05 x 
10
19
 WO3 molecules per cm
3
 for highest water splitting photocurrents. Fig. 6.6 shows the 
change in the photocurrent density with W loading after anodization for samples that 
were annealed at 350 
o
C. The TW-NT showed the maximum photocurrent density of 0.42 
mA cm
-2
 at 0.5 V for a W loading of 1.05 x 10
19
 atoms per cm
3
. The dark current (in the 
absence of light) irrespective of the W loading was very minimal (less than 5 µA cm
-2
), 
showing that the current density is mainly attributed to photoinduced charge carriers. In  
comparison with the T-NT, the TW-NT demonstrates a 40% increase in the photocurrent.  
The increase in photocurrent density is due to the properties of WO3. The band gap of 
WO3 is ~2.6 eV compared to ~3 eV for TiO2, further utilizing the visible range photons. 
Also, WO3, when in contact with TiO2, increases the lifetime of the electron hole pair 
generated when the photoactive anode is illuminated with the solar spectrum [49]. During 
the morphology change with W loading studies, it was observed that the film would 
delaminate during anodization when the tungsten is at or above 2.1 x 10
19
 atoms per cm
3
 
(concentration before anodization). The film is further prone to delaminating when 
exposed to higher temperatures (during calcination). Beyond a certain W loading (3.15 x 
10
18
 atoms per cm
3







Figure 6.6:   Shows the change in the photocurrent density of PEC cell with the 
change in the WO3 density. (a) The PEC shows a 40% increase in the performance 
with 1.05 x 10
19




compared to plain T-NT. The 
photocurrents were measured at 0.5 and 0 V. The calcinations temperature was 350 
o







electrical contact with ITO from the unstable film. Currently, there are no reports on high 
aspect ratio WO3 nanopores as generally the oxide films delaminate from the substrate 
due to a stress induced mismatch of the W/WO3 surface [44]. To understand the effect of 
the electrical contact of the TW-NT to the ITO a study of the change in photocurrent with 
nanotube length was carried out. Fig. 6.7 shows the change in photocurrent with length of 
the nanotube. The length of the nanotube was varied by controlling the anodization time 
(0 to 20 mins). The thickness of the Ti–W film used was 500 nm and the calcination 
temperature was at 350 
o
C. From Fig. 6.7 it can be seen that photocurrent density was the 
highest when the length of the TW-NT is 200 nm. Upon completely anodizing the film, 
the nanotube length is 700 nm which is 1.4 times longer than the thickness of the Ti–W 
deposited film. This is due the oxidation of Ti and W during anodization [34], [ 35]. With 
the increase in the length of the nanotube (above 200 nm), the nanotubes are less stable 
and do not make good electrical contact with the ITO. With a decrease in the nanotube 
length (less than 200 nm) the electrical contact would improve but the photocurrent 
would reduce due to the decrease in the surface area to volume ratio. Therefore, there is a 
need for an optimal Ti–W thickness to be present for a stable oxide layer to form with 
high PEC performance. The change in the photocurrent density and stability of the oxide 
layer with calcination temperature was also examined. Fig. 6.8 shows the change in 
photocurrent with the annealing temperature. The lowest photocurrent density was 
observed when annealed at 250 
o
C and increased upon an increase in annealing 
temperature. This is because at 250 
o
C there is very little crystallization that occurs and 
the nanotubes are still amorphous. This can be confirmed from the XRD results in Fig. 
6.9. When annealed at 350 
o
C and 450 
o


















Figure 6.7:    Shows the change in the photocurrent density of the PEC with the length 
of the composite nanotube. A 500 nm thick Ti–W film on anodizing such that the 
length of the TW-NT is 200 nm shows the highest photocurrent density. The 
photocurrent was measured at 0.5 V and calcination temperature was 350 
o
C. The 
nanotubes consisted of 1.05 x 10
19




















Figure 6.8:    Shows the change is the photocurrent density of the PEC with annealing 
temperature. The photocurrent was measured at 0.5 V. The annealing time was 2 




. The nanotubes consisted of 1.05 
x 10
19


















Figure 6.9:    Shows the XRD of TW-NT samples annealed at 250
 o
C to 550 
O
C and 
unanodized Ti–W film. The unnamed peaks correspond to the presence of ITO and are 
not labeled as its crystalline phase is of no significance. ‘A’ implies anatase and ‘R’ 











 hence the photocurrent increases. When annealed at 550 
o
C, TiO2 is partly transferred to 
the rutile polymorph [50] improving the photocurrent efficiency. The XRD results do not 
show any presence of WO3 due to the low atomic percentage. Fig. 6.10 shows the diffuse 
reflectance UV-Vis spectroscopy of a sample annealed from 250 to 550 
o
C as well as that 
of plain TiO2 annealed at 350 
o
C. For the samples annealed at 450 
o
C and below, the band 
gap is shown to be about 3.4 eV with the presence of the absorbance edge at 365 nm. 
However, when the sample is annealed at 550 
o
C, the band gap is 3 eV which is shown by 
the presence of the absorption edge at 410 nm. The reduced band gap is due to the 
formation of rutile TiO2 [51], which are observed in the XRD peaks in Fig. 6.9. Hence, 
when annealed at 550 
o
C the photocurrent density is higher compared to samples 
annealed at lower temperature. This is due to the formation of rutile TiO2 which has a 
lower band gap, increasing the absorption spectrum. The change in the band gap is not 
due to the presence of WO3 since with a significant amount of WO3, or with 
doping/alloying of WO3 with TiO2 the band gap would be less than 3 eV [47], [52]. From 
the UV-Vis spectroscopy results, it can also be seen that there is no absorption in the 
visible range (which should occur due to the presence of WO3) due to a low 
concentration WO3. Therefore, the increase in the photocurrent is mainly due to the hole 
affinity property of WO3 which reduces the electron hole recombination. When annealed 
at temperatures above the 550 
o
C, the film delaminates decreasing the photocurrent. The 
samples were tested for 1 hour for photocurrent densities at 0.5 V and the performance of 
the photoanode did not change. A top view SEM micrograph of the composite nanotube 
after 1 hour of water splitting is shown in Fig. 6.3 (b). It was observed that there was no 



















Figure 6.10:    Shows the diffuse reflectance UV-Vis spectrum of the TW-NT 
annealed at temperatures from 250 to 550 
o
C and plain TiO2 nanotubes annealed at 
350 
o
C.  Up to 450
 o
C, the band gap of TW-NT was 3.4  eV. When annealed at 550 
o
C 
the band gap reduced to 3 eV due to the formation of rutile TiO2. The composite 
nanotubes consisted of 1.05 x 10
19








6.5    Conclusions 
Tubular TW-NT was successfully synthesized on a Si wafer by simultaneous 
sputtering Ti and W to form a Ti–W nanocomposite film followed by electrochemical 
anodization using an ethylene glycol based organic electrolyte. The change in 
morphology with the change in W density in the Ti–W composite was studied, and it was 
observed that with less than 5.25 x 10
18
 W atoms per cm
3
, the anodized film has a tubular 
morphology. With a further increase in W density, the anodized film changes from 
tubular morphology to a nanoporous like morphology. Also with the increase in W 
density, the stability of the anodized film decreases, limiting the WO3 loading capability 
in the oxide film. With 1.05 x 10
19
 WO3 molecules per cm
3
 in the anodized film, it is seen 
that the water splitting photocurrent of PEC increased by 40% in comparison to plain T-
NT. It was observed that there is a need for an optimal Ti–W thickness to be present for 
stable TW-NT to form, which would improve the photocurrent density when compared to 
TW-NT photoanodes that are completely anodized. Studies with different annealing 
temperatures showed that when annealed at 250 
o
C, the nanotubes are amorphous 
resulting in a low photocurrent. When annealed at temperatures 350 
o
C and above, the 
nanotube transforms into the anatase phase, improving the charge transport along with 
the photocurrent density. When annealed at 550 
o
C, partial rutile TiO2 is formed, 
changing the band gap to 3 eV with an absorption edge at 410 nm and showing the 
highest photocurrent density of 0.52 mA cm
-2
 at 0.5 V. It was observed that the TiO2 and 
WO3 did not show any alloying even when annealed at 550 
o
C. Scanning electron 
microscopy, x-ray diffraction, ICP-MS, x-ray photoelectron spectroscopy and diffuse 





atomic ratio, oxidation state, and band gap of the nanotubes, respectively, to optimize the 
performance of the TW-NT-based PEC cell.  
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The main objectives of this disertation were to synthesize TiO2 nanotubes on a stable 
and planar Si substrate from thin Ti film and demonstrate photocatalytic activity as well 
as improve the photocatalytic activity of these nanotubes. It was found that TiO2 
nanotubes are a suitable materials for photocatalytic activity such as water splitting due 
their wide band gap, photocorrosion resistance, and environmentally friendly properties. 
In this chapter, we summarize the methods used and important results obtained on the 
electrical properties, structural morphology, and optical properties of TiO2 nanotubes (T-
NT) synthesized on Si substrate. We study the properties of thin films that affect the 
structural morphology of nanotubes. We draw conclusions about the properties of thin 
film nanotubes in comparison to foil based nanotubes. We draw some conclusions on the 
water splitting capabilities of thin film based TiO2 nanotubes and improve the 
performance incorporating WO3 in the nanotubes. Finally, we provide some 
recommendations for future work.  
 
7.1    Summary 
We synthesized TiO2 nanotubes from thin Ti films deposited on Si substrate using 
D.C. magnetron sputtering and e-beam evaporation techniques. Films with thickness 
from 350 nm to 1 000 nm were deposited. The thickness of the film was varied to change  
the nanotube length with the possibility of having the length of the nanotubes longer, 
shorter, or the same as the thickness of the deposited film. Thermally grown silicon 
dioxide was grown on the silicon substrate to electrically isolate the nanotubes from the 
bulk silicon. The nanotubes were synthesized using the electrochemical anodization 





a near neutral organic electrolyte. The influence of properties of thin films such as grain 
size, biaxial stress, and density on the nanotubes was studied. We integrated 
photolithography with synthesis of TiO2 nanotubes and studied the properties of the 
synthesized nanotubes. The TiO2 nanotubes’ photocatalytic activity in splitting water into 
hydrogen and oxygen was studied. Using the advantages of microfabrication technique, 
the photocatalytic activity of TiO2 nanotubes were improved by incorporating WO3 in the 
nanotubes.  
 
7.1.1    Thin film deposition 
Clean n-type Si was used as substrates with (100) crystal orientation used for 
depositing the thin Ti films. The RMS roughness of the substrate was less than 1 nm and 
the resistivity was 1–5 Ωcm. Smooth substrate was used to lower the roughness of the 
deposited film. About 100 nm SiO2 was grown on the substrate to electrically isolate the 
thin film nanotubes from the bulk Si. The thicknees of the oxide was chosen such that it 
was sufficient enough to electrically isolate potentials up to 100 V. Both wet as well as 
dry thermal oxide was grown on the Si substrate to study the dependence of the substrate 
on the nanotubes. The oxidation was carried out at 1 000 
o
C using a canary oxidation 
furnace. The Ti films were cleaned with acetone, isopropanol, and water before being 
subjected to anodization. Deposition of thin Ti films by the e-beam evaporation technique 
was carried out using a Denton SJ20C e-beam evaporator. The deposition was carried out 
in a clean environment at pressure less than 1 µTorr. Ti pellets (99.995% pure) purchased 
from Kurt. J. Lesker were used. The crucible for containing the pellets during evaporation 





films were deposited in Denton Discovery 18 sputter system. Ti target of 99.2% to 99.7% 
purity purchased from Kurt. J. Lesker was used. The chamber was pumped down to 
pressure less than 2 µTorr before carrying out the film deposition.  
 
7.1.2    Electrochemical anodization 
A mixture of ethylene glycol (purchased from Fisher), ammonium fluoride ((0.5 
wt%) purchased from Fisher), and DI water (10 wt%) was used as the electrolyte to 
synthesize the nanotubes on the Si substrate. The prepared electrolyte was aged for at 
least 36 hours before using it for anodization. The anodization was carried in ambient 
temperature. The gap between the cathode and anode was 2 cm. The Ti film was then 
connected to the positive terminal of the power supply to form the anode. One cm
2
 of 
platinum was connected to the negative terminal to form the cathode. Agilent E3647A 
dual output D.C. power supply was used as the power source for anodization. The 
anodization voltage was ranged from 10 to 60 V to study the change in the morphology 
of the nanotubes with the change in anodization potential. The expectation was for an 
increase in tube diameter with an increase in anodization potential. The non-Ti portion of 
the Ti/SiO2/Si was covered with Kapton tape to prevent undesired etching of the substrate 
by the electrolyte. This would also prevent any change in the chemistry of the electrolyte 
due to anodization effects on the substrate. The anodized e-beam films were annealed at 
500 
o
C to study the stability of the nanotubes when subjected to higher temperatures, 
which is required for most of the applications demonstrated by the TiO2 nanotubes. The 
anodized D.C. magnetron sputtered films were annealed at 350 
o
C. E-beam evaporated 





nanotubes. Two photolithography steps were used to achieve site-specific and patterned 
growth of TiO2 nanotubes. The first photolithography step was used to pattern the Ti film 
on the Si substrate. The second photolithography step was used to mask portions of Ti 
where photoresist was used as the protective layer between the Ti film and the electrolyte 
to prevent growth of nanotubes. Shipley’s S1813 positive photoresist was used for the 
photolithography. The photoresist was spun at 2000 rpm to achieve about 2 µm thick 
films. The masks used for photolithography were fabricated using a Heidelberg MicroPG 
101 pattern generator. The Suss MA1006 was used for pattern alignment and for 
exposing the photoresist to UV light. The anodization was carried out at 20 V for site  
specific and patterned growth of TiO2 nanotubes studies. The e-beam evaporation 
technique has little scope in changing the properties of the thin film since the only 
parameter that could be changed was the deposition rate which had relatively less 
influence on the film properties. Therefore , D.C. magnetron sputtered films were used to 
study the influence of the properties of thin films on the synthesized nanotubes. Film 
deposition parameters such as process gas pressure (argon gas), sputtering power, and 
substrate temperature were varied to change the properties of the thin film. Film 
properties such as grain size, biaxial stress, and qualitative density were studied and their 
influence on the morphology of the anodized films was reported. We hoped for an 
increase in residual stress to have an effect on the gap between the nanotubes. The grains 
were expected to define the nanotube diameter since the intial electric field hot spots are 
defined by these surficial grains. The thickness of the deposited films was between 300 to 
400 nm. The thickness was targeted to to be 350 nm. However, the thickness varied due 





carried out at 30 V. The gap between the cathode and anode was 2.5 cm during this part 
of the study. The next part of the research was to study the photocatalytic activity of TiO2 
nanotubes in splitting water into hydrogen and oxygen. By incorporating WO3 in TiO2 
nanotubes, we hoped to enhance the photocatalytic activity, since WO3 has a lower band 
gap and also would increase the lifetime of charge carriers. 500 nm thick films were used 
for studying the water splitting photocurrent. The WO3 nanoparticles were incorporated 
in the nanotubes by anodizing Ti–W nanocomposite thin film. The composite films were 
deposited by simultaneous sputtering of Ti and W. W was deposited using RF magnetron 
sputtering system, and the Ti was sputtering using a D.C. magnetron sputtering system in 
the Denton Discovery 18 sputter system. The change in the structural morphology of the 
anodized film with W in the sputtered film was studied to understand the density 
incorporating limitation of WO3 in the nanotubes. The W atomic percentage was changed 
by changing the sputtering power. The anodization was carried out at 30 V, and the gap 
between the electrodes was 2.5 cm. For fabricating the photoelectrochemical cell, 100 nm 
thick ITO was deposited (to form the electrode to monitor the photocurrents) via D.C. 
magnetron sputtering before depositing the composite film. The films were anodized at 
20 V for photoelectrochemical cell water splitting studies. The platinum mesh was used 
as the cathode and Ag/AgCl was used as the reference electrode. The electrolyte in the 
photoelectrochemical cell consisted of 0.5M Na2SO4, since the electrolyte would not 
react with the substrate. The photocurrents were monitored for external bias of up to 0.5 
V. The photocurrents of plain TiO2 nanotubes were compared with the photocurrents of 
composite nanotubes. The performance of the photoelectrochemical cell with annealing 





7.1.3    Characterization 
The nanotubes were characterized for structural morphology, band gap, and 
crystalline phase. The composite nanotubes, in addition, were characterized for oxidation 
state and photocatalytic activity. The structural morphology of the nanotubes such as 
nanotube length and outer diameter were studied using scanning electron microscopy 
(SEM) micrographs obtained from FEI NanoNova SEM. All the top view micrographs 
were obtained at magnification of 200 000x, and the side view micrographs were 
obtained at magnification of 250 000x and 60
o
 tilt. The change in the surface morphology 
with anodization time was studied using SEM and atomic force microscopy (AFM) 
micrographs (obtained from Bruker Dimension ICON-PT AFM). The AFM micrographs 
were obtained using PeakForce QNM (Bruker AXS). The band gap of the nanotubes was 
studied by diffuse reflectance UV-Vis spectroscopy using a UV-3600 Shimadzu 
spectrometer. The wavelength was varied from 800 to 250 nm.  The band gap was 
expected to be about 3–3.4 eV. The crystalline phases of the nanotubes were studied by 
x-ray diffraction (XRD) technique using Philips X’Pert XRD and Rigaku Miniflex XRD 
systems. The incidence angles were ranged from 20° to 80°. The crystalline phase was 
expected to be amorphopus before annealing and attain anatase and rutile phase when 
annealed at a temperature above 300 
o
C. The properties of thin films such as grain size 
and film thickness before anodization were studied using SEM micrographs. The average 
grain sizes of Ti films were calculated using stereology technique. The biaxial residual 
stress of Ti films were measured by laser interferometery technique using Tencor FLX-
2320 laser interferometer in which the bow in the Si wafers before and after depositing 





x-ray photoelectron spectrometry (XPS) using a Kratos Axis Ultra DLD x-ray 
photoelectron spectrometer. We expected the alloying of the TiO2 and WO3, reducing the 
band gap to 2.6 eV. To measure the percentage of W in the Ti–W composite film, an 
Agilent 7500ce inductively coupled plasma mass spectrometer (ICP-MS) was used. 
Fluorine-neon laser (193 nm) ablation was used to generate the aerosol of the Ti–W 
films. The spectrum of the composite sample was compared with the spectrum of the 
standard sample (NIST 610 glass) with elements of known concentrations. To study the 
photocatalytic activity of plain and composite nanotubes, the nanotubes were illuminated 
with a Newport solar simulator with a 1.5 air mass filter. We expected that the optimum 
WO3 would have up to a 100% increase in performance. The photocurrents were 
monitored using PARSTAT 4000 potentiostat. Table 7.1 gives a summary of the tools 
used and the paramters analysed using the tools.  
 
7.2    Conclusions 
We successfully synthesized TiO2 nanotubes from thin Ti on Si substrate by 
electrochemical anodization using an organic electrolyte. Nanotubes were synthesized 
from films deposited by D.C. magnetron sputtering as well as e-beam evaporation 
technique. The diameter of the nanotubes ranged from 45 to 230 nm linearly when 
synthesized at potentials from 10 to 60 V (D.C.). The observed trend in the diameter 
change was as expected. Nanotubes up to 1.4 µm long were successfully synthesized. 
From SEM micrographs, it was found that the length of the nanotubes were 1.4 times the 
thickness of the deposited film showing the selectivity electric field assisted etching and 











Table 7.1:    Summary of the tools used and the paramters analysed using the tools  
Tool Analsysis 
Scaning electron microscope 
Structural morphology of nanotubes and 
thin Ti films  
Atomic force microscope RMS Surface roughness of nanotubes  
Diffuse reflectance UV-Vis spectroscopy Band gap of nanotubes  
X-ray diffraction Crystalline phases of the nanotubes 
Laser interferometer Biaxial residual stress of Ti films  
X-ray photoelectron spectrometer Oxidation states of composite nanotubes 
Inductively coupled plasma mass 
spectrometer 
W density in Ti–W thin films 






 or the same length as the thickness of the film. The increase in the length of the 
nanotubes greater than the Ti film is due to the increase in the volume caused by 
oxidation of Ti to TiO2. The nanotubes synthesized from e-beam evaporated films were 
stable on substrate when annealed at 500 
o
C and the sputtered films were stable when 
annealed at 350 
o
C. All the anodized films had a nanoporous film on the upper portion of 
the film, which is due to the presence of native oxide and pronounced surficial grains. 
However, we hoped that the synthesized nanotubes would be without the nanorpous 
layer. Due to the formation of the nanoporous layer, it was required to cool down the 
substrates to ambient temperature in a vacuum to reduce the formation of TiO2 after the 
film was despoited. The anodization starts at the valleys of the surficial grains where the 
electric field is the highest. The nanotubes were interconnected via a thin membrane (5–
10 nm thick) forming at regular intervals along the length of the nanotubes. The 
nanotubes synthesized from e-beam evaporation and sputtering were similar to each other 
in structural morphology with no noticeable differences. From XRD results , the 
nanotubes were amorphous after anodization as expected. When annealed at temperatures 
350 
o
C and above, they crystallize to form anatase TiO2 as expected. When annealed at 
temperatures 550 
o
C and above, rutile TiO2 begins to form as expected again. From the 
diffuse reflectance UV-Vis spectroscopy, the band gap of nanotubes were found to be 3.4 
eV with the absorption edge at around 370 nm, which was a little higher than the 
expected value of 3.2 eV. When annealed at 550 
o
C, the nanotubes had a band gap of 3 
eV with the absorption edge at 410 nm due to formation of rutile TiO2. Using two 
photolithography steps, site pecific and patterned growth of TiO2 nanotubes were 







aligned Ti electrodes were fabricated. Patterned growth of nanotubes resembling the logo 
of the University of Utah with 25 µm size features were fabricated as expected. The 
structural morphology of nanotubes synthesized in the site specific as well as patterned 
regions was similar to the nanotubes synthesized on the larger area, however, we 
anticipated some morphological differences. The photoresist was slightly soluble in the 
anodization electrolyte , and hence the time for synthesis of nanotubes was limited to 
about 1 hour. From the study of properties of thin film influencing the morphology of 
anodized films, it was concluded that the density alone influences the morphology of the 
anodized film and other properties such as biaxial residual stress and grain size do not 
affect the morphology. However, we expected the grain size (which defines the intial hot 
spots) and the biaxial residual stress to have a significant influence on the morphology of 
the nanotubes. When the Ti was sputtered at constant power (150 W), substrate was at 
ambient temperatures and argon pressure ranged from 2.5 to 7.5 mTorr, the average grain 
size increased from 58 to 72 nm, the residual stress decreased from 200 to 140 +MPa, and 
the density reduced from medium density film to low density film. Upon anodizing these 
films, the morphology changed from a tubular structure to a semitubular structure. When 
the Ti was sputtered at constant argon pressure (7 mTorr), substrate was at ambient 
temperature, and sputtering power ranged from 25 to 500 W, the average grain size 
increased from 62 to 80 nm, the residual stress increased from 80 to 140 +MPa, and the 
density increased from very low density to high density film. Upon anodizing these films, 
the morphology changed from a nanoporous structure to a tubular structure. When the Ti 
was sputtered at constant power (150 W), there was constant argon pressure (5 mTorr), 
and substrate temperature ranged from 100 to 300 
o





from 72 to 95 nm, the residual stress varied 20 to 90 +MPa (with no linear trend), and the 
density increased from low density film to high density film. Upon anodizing these films, 
the morphology changed from a semitubular structure to a tubular structure. Therefore, 
by varying the sputtering parameters, nanoporous to tubular TiO2 can be fabricated. By 
comparing the trend of change in grain size, residual stress, and density of the film, it can 
be concluded that the morphology of the anodized film depends only on the density and 
not on the grain size or the residual stress.  
By anodizing the Ti–W composite film, TiO2–WO3 composite nanotubes were 




 of the composite 
film, the anodized film has a tubular structure. With a further increase in the W 
percentage, the morphology gradually changes from tubular to semitubular to a 
nanoporous structure due to less selective etching of W as well stress induced formation 
of WO3. However, we expected to synthesize tubular composite nanotubes even with 





in the anodized film, the photocurrent is 42% higher than plain TiO2 
nanotubes. For a 500 nm thick composite film, it was found that the nanotubes length 
should be 200 nm with a portion of unanodized film being present to have good electrical 
contact to the ITO electrode. We predicted the photocurrents to be the highest when the 
composite film is completely anodized. From the XRD results the presence of W atoms 
could not be detected, which is due to low W density. XPS results show that the Ti is at 
Ti
4+
 oxidation state and the W is at W
6+
 oxidation state. At 0.5 V the samples annealed at 
550 
o
C showed the highest photocurrent of 0.53 mA cm
-2
. Diffuse reflectance UV-Vis 





demostrating that the nanotubes formed where composite, but no alloy, was being 
formed. The increase in the photocurrent may be due to a reduction in the charge 
recombination due to the presence of WO3; there was no absorption in the visible 
spectrum (reducing the band gap to ~2.6 eV, which was the expected results), which 
would ideally occur with the presence of a significant amount of WO3. Table 7.2 shows 
the summary of the experimental parameters varied/studied and the results achieved. 
 
7.3    Future work 
In this section, we recommend some of the future work that could improve upon the 
work demonstrated in this dissertation. In the fourth chapter, we fabricated site specific 
grown TiO2 nanotubes with self-aligned Ti electrodes. However, the electrical tests 
showed no detected conductivity. To solve the issue of low conductivity, some 
recommended work would be to anneal the nanotubes in a vacuum to crystalize the 
nanotubes and prevent any oxidation of the Ti electrodes. The next step would be to 
reduce the site specific nanotubes to regions less than 5 µm
2
, which can be achieved by 
having sacrificial Ti (for anodizing) when anodizing. This way the electric field would 
not be concentrated only in regions where the nanotubes are to be synthesized. The 
unnecessary nanotubes can later be etched using additiona l photolithography steps. 
Another approach is to dope the nanotubes with carbon or nitrogen to improve the 
conductivity. Also, the electrical contacts between nanotubes can be increased by 
synthesizing nanotubes in electrolyte with 1 wt% water. With low water content, the 
nanotubes can be synthesized with no interconnecting TiO2 membrane so the nanotubes 















Anodization potential (10–60 V) Nanotube diameter ~ 40–230 nm 
Band gap 
3.4 eV when annealed below 500 
o
C and 3 eV 




Amorphous (when not annealed), anatase when 
annealed above 350
 o
C, and anatase+ruitle 
when annealed above 500 
o
C 
Nanotube length 1.4 times the thickness of thin film 
Site specific T-NT synthesis In regions 0.01 mm
2
 with 25 µm features 
With an increase in argon pressure 
for Ti sputtering 
Density reduces, stress reduces, grain size 
increases, and tubularity of T-NT decreases  
With an increase in sputtering 
power 
Density increases, stress increases, grain size 
increases, and tubularity of T-NT increases 
With an increase in substrate 
temperature 
Density increases, stress does not have a linear 
relationship with temperature, grain size 
increases, and tubularity of T-NT increases 
With an increase in W density Tubularity of composite nanotube increases 
Before and after anodization W density increases after anodization 





 showed the optimum 
photocurrent with a 40% increase compared to 
plain T-NT 
Nanotube length vs photocurrent 
200 nm long nanotubes showed highest 
photocurrent for 500 nm thick Ti–W film 
Annealing temperature vs 
photocurrent  
Photocurrents increased with an increase in 
temperature but were limited to 550 
o
C due to 
delamination   
Highest photocurrents  
0.52 mA/cm
3





, with 200 nm long composite 








would be functionalizing the surface of the TiO2 nanotubes with the material of interest to 
fabricate the desired sensor and packing the device. In the fifth chapter, we show that the 
grain size and residual stress do not affect the morphology of the TiO2 nanotubes. 
However, the density was qualitative in nature and the exact density, quantitatively, was 
not presented. Using x-ray reflectivity technique the density of Ti film can be measured, 
and the dependence on the morphology with quantitative Ti densities can be presented to 
have a better understanding of the relationship between the density and morphology. In 
the sixth chapter we present composite nanotubes. The next part of the work would be to 
form an alloy of nanotubes instead of composites nanotubes by higher temperature 
annealing. The technique can be used to synthesize and study other composite nanotubes 
such TiO2–Al2O3 and TiO2–Ta2O5 composite nanotubes and study their morphology and 
photocatalytic activity. Also, photolithography can be integrated to achieve site specific 
synthesis of composite nanotubes. 
